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SUMMARY
The f i r s t  s e c t i o n  o f  t h e  t h e s i s  i s  c o n c e rn e d  w i th  
a d s o r p t i o n  by c h i t i n .  L o b s t e r - s h e l l  c h i t i n ,  p r e p a r e d  from  
t h e  c a r a p a c e  o f  N ephrops n o r v e g i c u s , h a s  b e e n  u s e d  i n  
q u a n t i t a t i v e  a d s o r p t i o n  s t u d i e s  w i th  m i n e r a l  and  o r g a n i c  
a c i d s  and s u lp h o n a te d  a z o -d y e s  i n  aq u eo u s  s o l u t i o n s .
I n  t h e  c a s e  o f  a c i d s  t h e  h y d ro g e n  i o n s  a r e  a d s o rb e d  
i n i t i a l l y  on th e  a c e ty la m in o - g r o u p s  i n  t h e  s u b s t r a t e  w i t h  a  
c o n s e q u e n t  s w e l l i n g  and b re a k a g e  o f  i n t e r - c h a i n  bon ds  ow ing 
t o  t h e  p r e s s u r e  o f  s o l v a t e d  w a te r  a ro u n d  t h e  r e s u l t a n t  
c a t i o n i c  c e n t r e s .  The a c t u a l  amount o f  a c i d  a d s o rb e d  i s  
d e te r m in e d  how ever by t h e  a b i l i t y  o f  t h e  a n io n  to  p e n e t r a t e  
t h e  s t r u c t u r e .  The h y d ro g e n  i o n  can  p e n e t r a t e  i t  r e a d i l y ,  
b u t  t o  p r e s e r v e  n e u t r a l i t y  ea c h  a d s o rb e d  h y d ro g e n  i o n  m ust 
be  acco m pan ied  by an  a n io n ,  and owing to  t h e  h ig h  c r y s t a l l -  
i n i t y  o f  c h i t i n  t h e  e n t r y  o f  a n io n s  i s  r e s t r i c t e d ,  and i n  
f a c t  t h e  amount a d s o rb e d  d e c r e a s e s  l i n e a r l y  w i th  t h e  volum e 
o f  t h e  a n io n  i n  any g iv e n  s e r i e s  o f  a c i d s  w i t h  s i m i l a r  b a s i c  
s t r u c t u r e .  S up erim p o sed  on t h i s  volum e e f f e c t ,  h o w ev er , i s  
t h e  e f f e c t  o f  i n c r e a s e d  v a n  d e r  Waals a t t r a c t i o n  o f  t h e  a n io n  
f o r  c h i t i n ,  w i th  i n c r e a s e  i n  t h e  num ber o f  a r o m a t i c  n u c l e i  i n  
t h e  a n io n .  G e n e r a l ly  t h e  a f f i n i t y  r i s e s  w i th  i n c r e a s e  i n  
l e n g t h  o f  t h e  c o n ju g a te d  sy s te m  o f  t h e  dye m o le c u le .  The 
io n -e x c h a n g e  a d s o r p t i o n  p r o c e s s  b e tw e en  t h e  c h i t i n  and s u l p h -  
o n a te  g ro u p s  o f  t h e  dye h a s  a  n e g l i g i b l e  a p p a r e n t  h e a t  change ,
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b u t  t h e  n o n - p o l a r  a t t r a c t i o n  o f  t h e  r e m a in d e r  o f  t h e  dye 
m o le c u le  d o es  p ro d u c e  a  h e a t  change w h ich  i n c r e a s e s  w i t h  t h e  
n o n - p o l a r  a f f i n i t y .  A f f i n i t y  m easu rem en ts  show t h a t  one 
s u l p h o n a t e  g ro u p  i n  an  a d s o rb e d  dye becom es a s s o c i a t e d  w i t h  
one o f  t h e  c a t i o n i c  c e n t r e s  i n  c h i t i n  and  t h a t  a d d i t i o n a l  
g ro u p s  a f t e r  t h e  f i r s t  a r e  n o t  so com bined and re m a in  
d i s s o l v e d  i n  w a t e r ,  h en ce  d e c r e a s i n g  t h e  a f f i n i t y  o f  t h e  
a n i o n  f o r  t h e  s u b s t r a t e .  H y d ro g e n -b o n d in g  i s  a l s o  o p e r a t i v e  
w here  t h e r e  a r e  p o t e n t i a l  h y d ro g e n -b o n d in g  g ro u p s  i n  t h e  su b ­
s t r a t e ,  b u t  seems to  d e c r e a s e  w i th  i n c r e a s i n g  a c i d i t y  o f  t h e  
b a t h .
The r e s u l t s  o f  f u l l  e le m e n ta r y  a n a l y s e s  s u g g e s t  t h a t  
c h i t i n  d o es  n o t  c o n s i s t  e n t i r e l y  o f  p o ly - N - a c e t y lg l u c o s a m i n e ,  
b u t  t h a t  a b o u t  one e i g h t h  o f  t h e  ami n o -g ro u p s  a r e  u n a c e  t y l -  
a t e d .
The n e x t  s e c t i o n  o f  t h e  t h e s i s  d e s c r i b e s  a n  i n v e s t i g a ­
t i o n  made t o  s tu d y  and compare t h e  a d s o r p t i o n  m echan ism  o f  
a  v a r i e t y  o f  a r o m a t i c  compounds, w i t h  and w i th o u t  h y d ro g e n -  
b o n d in g  g ro u p s ,  by c e l l u l o s e  and by c h i t i n  fro m  w a te r  and 
f ro m  n o n -a q u e o u s  s o l v e n t s .  I n  a b s e n c e  o f  w a te r  p o l a r  non­
i o n i c  compounds a r e  a d s o rb e d  by b o th  c e l l u l o s e  and c h i t i n  
p r i n c i p a l l y  by  h y d ro g e n -b o n d in g .  I n  aqu eo u s  s o l u t i o n  
c h i t i n  a d s o r b s  a n i o n i c  s o l u t e s  w i th  p o t e n t i a l  h y d ro g e n -  
b o n d in g -  g ro u p s  p r i n c i p a l l y  by  io n -e x c h a n g e  and h y d ro g e n -  
bond f o r m a t i o n .  N o n -p o la r  a t t r a c t i o n  i s  a l s o  o p e r a t i v e  i n
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t h e  c a s e  o f  l a r g e  m o le c u l e s .  C e l l u l o s e  seem s to  a d s o rb  
t h e s e  compounds by n o h - p o l a r  a t t r a c t i o n  o n l y ,  t h e  a f f i n i t y  
i n c r e a s i n g  w i th  t h e  s i z e  o f  t h e  s o l u t e  m o le c u le  and b e i n g  
in d e p e n d e n t  o f  t h e  p r e s e n c e  t h e r e i n  o f  h y d ro g e n -b o n d in g -  
g ro u p s .
P l a n a r  n o n -h y d ro g e n -b o n d in g  a n i o n i c  compounds a r e  n o t  
a d s o rb e d  on c h i t i n  from  a l k a l i n e  s o l u t i o n s .  C e l l u l o s e  
how ever d o e s  a d s o rb  s u c h  compounds fro m  e i t h e r  n e u t r a l  o r  
a l k a l i n e  s o l u t i o n ,  b e c a u s e  i t s  a t t r a c t i o n  i s  n o n - p o l a r  and 
d e p e n d e n t  n o t  on h y d ro g e n -b o n d in g  f o r c e s ,  b u t  o n ly  on t h e  
p r e s e n c e  o f  a  h i g h l y  c o n ju g a te d  sy s te m  i n  t h e  s o l u t e  m o le c u le
T h is  w ork was f o l lo w e d  by a  s tu d y  o f  t h e  a d s o r p t i v e  
p r o p e r t i e s  o f  g r a p h i t e  f o r  o r g a n i c  s o l u t e s ,  m a in ly  d y e s ,  
f ro m  aq u eo u s  and n o n -a q u e o u s  s o l v e n t s .
R a te  m easu rem en ts  d e m o n s t r a te  a  r a p i d  a d s o r p t i o n  and  
t h e  s h o r t  p e r i o d  r e q u i r e d  t o  r e a c h  e q u i l i b r i u m  s u g g e s t s  t h a t  
a d s o r p t i o n  i s  e n t i r e l y  s u p e r f i c i a l .  B a s i c  d y es  a r e  q u i c k l y  
a d s o r b e d ,  by e l e c t r o s t a t i c  a t t r a c t i o n .  A n io n ic  d y e s  a p p e a r  
t o  be a d s o rb e d  by p h y s i c a l  a t t r a c t i o n  and  t h e  r a t e  o f  a d s o r p ­
t i o n  i s  h i g h e r  i n  t h e  c a se  o f  d y e s  w h ich  d i s s o c i a t e  e a s i l y  
i n t o  s i n g l e  m o le c u l e s .
The s u r f a c e  a r e a  o f  g r a p h i t e  was d e te r m in e d  by e l e c t r o n  
m ic ro s c o p y  and t h e  o r i e n t a t i o n  o f  a d s o rb e d  m o le c u le s  s t u d i e d .  
A t low  c o n c e n t r a t i o n  i t  seems t h a t  m ost o f  t h e  compounds u s e d
- i v -
fo rm  co n d en sed  m o n o la y e r s .  S u lp h o n a te d  compounds a p p e a r  
t o  be  so o r i e n t e d  t h a t  t h e  s u lp h o n a te  g ro u p s  a r e  a s  f a r  
away a s  p o s s i b l e  from  t h e  g r a p h i t e  s u r f a c e  and n o n - i o n i c  
compounds l i e  f l a t  so t h a t  t h e y  p r e s e n t  a  maximum s u r f a c e  
a r e a  t o  t h e  g r a p h i t e .
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PREPACE
D yeing  h a s  b e e n  p r a c t i s e d  e m p i r i c a l l y  f o r  th o u s a n d s  
o f  y e a r s ,  b u t  i t  i s  o n ly  i n  t h e  l a s t  f i f t y  y e a r s  t h a t  i t  
h a s  b e e n  s u b j e c t e d  to  p r e c i s e  s c i e n t i f i c  i n v e s t i g a t i o n .
I n  p a r t i c u l a r  d u r i n g  t h e  p a s t  two d e c a d e s  a c o n s i d e r a b l e  
vo lum e o f  r e s e a r c h  h a s  b e e n  d i r e c t e d  to w a rd s  a  b e t t e r  
u n d e r s t a n d i n g  o f  t h e  d y e in g  p r o c e s s .  T h is  r e s e a r c h  h a s  
f o l l o w e d ,  b r o a d ly ,  t h r e e  m ain  p a t h s ,  v i z . ,  (a )  k i n e t i c  
s t u d i e s ,  m a in ly  o f  t h e  d i f f u s i o n  r a t e  o f  d y e s  i n  w a te r  
a lo n e  and  i n  f i b r e s  i n  p r e s e n c e  o f  w a t e r ;  (b) th e rm o ­
dynam ic s t u d i e s  i n  w h ich  a t t e m p t s  have  b ee n  made t o  
c o n s i d e r  t h e  d y e in g  p r o c e s s  a s  a  n o rm a l c h e m ic a l  r e a c t i o n ,  
and  m ethods  o f  e v a l u a t i n g  c h a n g es  i n  f r e e  e n e r g y ,  e n t r o p y  
and t h e  h e a t  ch an g es  w h ich  o c c u r  d u r i n g  d y e in g ,  have  b e e n  
worked o u t ;  and (c )  s t u d i e s  o f  t h e  m echanism  by  w hich  
d y e s  a r e  a d s o rb e d  to  t h e  s u r f a c e  o f  f i b r e s ,  i . e . ,  o f  t h e  
n a t u r e  o f  t h e  c h e m ic a l  o r  p h y s i c a l  f o r c e s  w h ich  c o n t r i b u t e  
t o  t h e  th erm odyn am ic  a f f i n i t y  o f  a  dye f o r  a  f i b r e .  Of 
t h e s e  t h r e e ,  i t  can  b e  s a i d  t h a t  t h e  a d s o r p t i o n  m echan ism s 
o f  d y e in g  a r e  p r o b a b ly  s t i l l  much l e s s  u n d e r s to o d  th a n  t h e  
k i n e t i c s  o r  th e rm o d y n am ics  o f  t h e  p r o c e s s e s  i n v o l v e d .
The p r e s e n t  t h e s i s  i s  a  r e c o r d  o f  an  i n v e s t i g a t i o n  
d e s ig n e d  t o  l e a d  t o  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e s e  
m echan ism s, i n  p a r t i c u l a r ,  t h o s e  on c h i t i n ,  c e l l u l o s e  and
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c a rb o n  i t s e l f ,  i n  t h e  fo rm  o f  g r a p h i t e .
C h i t i n  h a s  some o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  c h e m ic a l  
c o n s t i t u t i o n  o f  b o th  c e l l u l o s e  and p r o t e i n s ,  and i t  was 
hoped  t h a t  i t s  u s e  m ig h t  h e lp  to  e l u c i d a t e  some p o i n t s  i n  
t h e  u n d e r s t a n d i n g  o f  d y è in g  m echanism s on t h e s e  c l a s s e s  o f  
s u b s t a n c e .
G ra p h i te  was u se d  a s  a  s u b s t r a t e  b e c a u s e  t h e  a b se n c e  o f  
p o l a r  g ro u p s  i n  i t s  s t r u c t u r e  s i m p l i f i e s  t h e  i n t e r p r e t a t i o n  
o f  i t s  s u r f a c e  a d s o r p t i o n  e f f e c t s .  F u r t h e r ,  v e r y  l i t t l e  
was p r e v i o u s l y  known o f  i t s  r e a c t i o n s  w i th  d y e s .  I t s  
b e h a v io u r  s h o u ld  a l s o  th ro w  l i g h t  on t h e  i m p o r t a n t  s u b j e c t  
o f  c l a r i f i c a t i o n  o f  s o l u t i o n s  by c h a r c o a l ,  b e c a u s e  b a s i c a l l y  
b o th  m a t e r i a l s  have  t h e  same c o n s t i t u t i o n ,  t h e  d i f f e r e n c e  
b e in g  t h e i r  p h y s i c a l  fo rm : g r a p h i t e  i s  an  im p erm eab le  s o l i d ,
b u t  c h a r c o a l  a  v e r y  p o ro u s  o n e .
The f i r s t  p a r t  o f  t h i s  t h e s i s  d e a l s  w i th  a d s o r p t i o n  
s t u d i e s  on c h i t i n ,  t h e  second  w i th  a d s o r p t i o n  on c e l l u l o s e  
and c h i t i n ,  i n  d i r e c t  co m p ar iso n  w i th  e a c h  o t h e r ,  and t h e  
t h i r d  w i th  a d s o r p t i o n  on g r a p h i t e .  Each  i s  d i s c u s s e d  
s e p a r a t e l y ,  w i th  t h e  s u rv e y  o f  r e l e v a n t  l i t e r a t u r e .
PART I
MECHANISM OF ADSORPTION ON CHITIN
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INTRODIJCTION
C h i t i n  i s  one o f  t h e  m ost i m p o r t a n t  n a t u r a l  
s t r u c t u r a l  m a t e r i a l s  ( s e e ,  e . g .  R i c h a r d s ) .  I n  t h e  a n im a l  
kingdom  i t  o c c u r s  m a in ly  a s  p r o t e c t i v e  c u t i c l e s  i n  i n v e r t e ­
b r a t e s  and i n  t h e  v e g e t a b l e  k ingdom  i t  fo rm s  p a r t  o f  t h e  
c e l l  w a l l s  o f  some f u n g i  and m ic r o - o r g a n i s m s .  I t s  c o n s t i ­
t u t i o n  h a s  b e e n  f a i r l y  w e l l  e s t a b l i s h e d ,  and i t s  c h e m ic a l  
p r o p e r t i e s  have  b ee n  f r e q u e n t l y  s t u d i e d ,  b u t  when t h e  
p r e s e n t  work was commenced t h e r e  was l i t t l e  o r  no r e c o r d  o f  
s y s t e m a t i c  i n v e s t i g a t i o n s  o f  i t s  a d s o r p t i v e  p r o p e r t i e s .  
S in c e  t h e n ,  h o w ever, Hackman h a s  p u b l i s h e d  t h e  r e s u l t s  o f  
a d s o r p t i o n  t e s t s  on c h i t i n  w i t h  aq u eo u s  s o l u t i o n s  o f  
p r o t e i n s .
The c o n s t i t u t i o n  a s s ig n e d  t o  c h i t i n  i s  t h a t  o f  a  
p o ly m er composed o f  a c e t y l  g lu c o s a m in e  u n i t s  l i n k e d  i n  t h e  
1:4- p o s i t i o n s  (Meyer and  M ark, 1928; M eyer and  P ankov ,
1955; M eyer and W e h r l i , 1957; P r a e n k e l  and  R u d a l l , 1940; 
Darmon and R u d a l l ,  1 9 5 0 ) .  I n  i t s  n a t u r a l  s t a t e  i t  o c c u r s  
i n  i n t i m a t e  a s s o c i a t i o n  w i t h  many o t h e r  s u b s t a n c e s ,  i n c l u d ­
i n g  p r o t e i n  a n d ,  i n  C r u s t a c e a ,  w i th  c a lc iu m  c a r b o n a te  and 
c o l o u r i n g  m a t t e r s ,  and i t s  s e p a r a t i o n  u s u a l l y  r e q u i r e s  
r a t h e r  l e n g t h y  t r e a t m e n t s  w i t h  a q u e o u s  s o l u t i o n s  o f  a c id  
o r  a l k a l i .  C h i t i n  i s  r e l a t i v e l y  s t a b l e  to w a rd s  a c i d s ,  
a l k a l i s  and o x i d i s i n g  a g e n t s .  However, u n d e r  d r a s t i c  a c i d
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c o n d i t i o n s ,  i t  can  be c o m p le te ly  h y d r o ly s e d ,  y i e l d i n g  
e q u im o la r  p o r t i o n s  o f  D -g lu c o sa m in e  and  a c e t i c  a c i d  
(P u rc h a s e  and B r a u n ) •
A d s o r p t io n  o f  dyes  by t e x t i l e  f i b r e s  h a s  b e e n  
e x t e n s i v e l y  s t u d i e d  ( s e e  e . g .  V i c k e r s t a f f , 1954 ) ,  y e t  t h e  
m echanism  o f  a d s o r p t i o n  h a s  n o t  b e e n  c o m p le te ly  e x p l a i n e d . 
I n  p a r t i c u l a r ,  t h e  r e l a t i v e  im p o r ta n c e  o f  p o l a r  (h y d ro g en  
bo n d ) and n o n - p o l a r  f o r c e s  h a s  n o t  b e e n  s a t i s f a c t o r i l y  
e l u c i d a t e d  i n  a d s o r p t i o n  by c e l l u l o s i c  o r  p r o t e i n  f i b r e s ,  
n o r  h a s  t h e  p r e c i s e  m echanism  o f  a d s o r p t i o n  o f  a c i d s  and 
o t h e r  a n i o n i c  compounds by  p r o t e i n s ,  e s p e c i a l l y  w o o l.  The 
c h e m ic a l  s t r u c t u r e  o f  c h i t i n  o c c u p ie s  an  i n t e r m e d i a t e  
p o s i t i o n  b e tw e e n  c e l l u l o s e  and p r o t e i n s  and i t  was th o u g h t  
t h a t  t h e  r e s u l t s  o f  t h e s e  s t u d i e s  m ig h t  h e lp  i n  i n t e r p r e t ­
i n g  t h e  n a t u r e  o f  a d s o r p t i o n  by t h e s e  s u b s t a n c e s .
Hydrogen b o n d in g :
H ydrogen b o n d in g  h a s  i n  r e c e n t  y e a r s  b e e n  c o n s id e r e d  
t o  be one o f  t h e  p r i n c i p a l  f o r c e s  c o n t r i b u t i n g  to  dye 
a d s o r p t i o n  on c e l l u l o s e ,  c e l l u l o s e  a c e t a t e  and  p r o t e i n s .
I n  t h i s  l a b o r a t o r y  t h e  m eth o d s  o f  d e t e c t i n g  h y d ro g e n  
b o n d in g  b e tw e en  p a i r s  o f  s o l u t e s  i n  s o l u t i o n ,  by m e a su re ­
m ent o f  d i e l e c t r i c  c o n s t a n t  o r  r e f r a c t i v e  i n d e x ,  have  b ee n  
e x t e n s i v e l y  u s e d .  I n  p a r t i c u l a r  t h e  r e f r a c t i v e  in d e x  
m ethod  h a s  p ro v e d  v e r y  u s e f u l  i n  i n v e s t i g a t i n g  b o n d in g  i n
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aq u eo u s  s o l u t i o n s ,  w h ich  c a n n o t  r e a d i l y  be  done by t h e  more 
u s u a l  p r o c e d u r e s -  T h is  m e th o d , su p p le m e n te d  by s t u d i e s  on 
m o n o la y e rs  on w a t e r ,  h a s  b e e n  u s e d  t o  i n v e s t i g a t e  t h e  
n a t u r e  o f  bonds b e tw e e n  m odel compounds r e p r e s e n t i n g  f i b r e s  
and d y e s .
The a u t h o r  and c o -w o rk e r s  (A r s h id ,  G i l e s  e t  a l . ,1 9 5 6 ) 
u s e d  t h e  r e f r a c t i v e  in d e x  m ethod  t o  d e t e c t  i n t e r m o l e c u l a r  
and  c h e l a t e  co m plexes  i n v o l v i n g  a  v a r i e t y  o f  n i t r o g e n -  
c o n t a i n i n g  compounds, w i th  a  v iew  t o  e l u c i d a t i n g  t h e  mech­
a n ism  by w h ich  c e r t a i n  p o ly m e rs ,  e s p e c i a l l y  p r o t e i n s ,  
a d s o r b  o r g a n i c  s o l u t e s ,  i n c l u d i n g  d y e s .  V a r io u s  am ido- 
and am ino-com pounds were u s e d  a s  m o d e ls  o f  t h e s e  p o ly m e rs .  
The r e a c t i o n s  o f  some s u b s t i t u t e d  and u n s u b s t i t u t e d  s im p le  
a l i p h a t i c  am id es  w i t h  a  v a r i e t y  o f  s e c o n d  s o l u t e s  w ere 
t e n t a t i v e l y  i n t e r p r e t e d  a s  i n d i c a t i n g  t h a t  t h e  e n o l -  
t a u to m e r  o f  t h e  u n s u b s t i t u t e d  and  N - m o n o s u b s t i tu te d  com­
pounds p re d o m in a te s  i n  m ost n o n -a q u e o u s  s o l u t i o n s ,  and t h e  
k e to  fo rm  i n  aq u eo u s  s o l u t i o n s .  A ls o ,  t h e  b e h a v io u r  o f  
some s u lp h o n a te d  o r t h o - h y d ro x y azo  d y e s  i n d i c a t e s  t h a t  t h e i r  
azo  g ro u p s  do n o t  i n t e r a c t  i n  w a te r  w i th  a l c o h o l i c  g ro u p s  
i n  a  seco n d  s o l u t e .
U s in g  t h e  same m ethod  f o r  i n v e s t i g a t i n g  t h e  h y d ro g e n  
b o n d in g  a c t i v i t y  o f  N - a c e t y l  g lu c o s a m in e ,  t h e  m odel u s e d  f o r  
c h i t i n ,  i t  a p p e a re d  t o  be  a  m o n o f u n c t io n a l  p r o t o n  d o n o r  i n  
w a te r  (A r s h id ,  G i l e s ,  and J a i n ,  1956 :;) .  T h is  i s  p ro b a b ly
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due t o  t h e  a c e t y l  g ro u p  a t  t h e  n i t r o g e n  atom  o r  t h e  c a rb o n  
atom  i n  t h e  m e th y l  r e s i d u e ,  t h e  h y d ro x y -g ro u p s  b e in g  
s o l v a t e d  and t h e  m o le c u le  a c t i n g  i n  t h e  r i n g  fo rm . I n  
e t h y l e n e  g l y c o l  s o l u t i o n s  1:1 and 1 :4  com p lexes  a r e  
d e t e c t e d  b e tw e e n  t h i s  compound and a l c o h o l s  o r  p h e n o l s ,  
and i n  t h e s e  c a s e s  t h r e e  o f  t h e  h y d ro x y l  g ro u p s  m ust a l s o  
b e  r e a c t i v e ;  t h e  f o u r t h  i s  p r o b a b ly  c h e l a t e d .  Darmon 
and R u d a l l  have  s u g g e s te d  t h i s  t y p e  o f  c h e l a t e  bond a s  
e x i s t i n g  ( t o g e t h e r  w i th  f r e e  amino g ro u p s )  i n  c h i t i n ,  on 
e v id e n c e  o f  s t u d i e s  w i t h  p o l a r i s e d  i n f r a - r e d  and  Z - r a d i a ­
t i o n .  I t  h a s  b e e n  shown t h a t  t h e  e s t e r s  exam ined  can  a c t  
a s  h y d ro g e n  d o n o rs  i n  fo rm in g  i n t e r m o l e c u l a r  h y d ro g e n  bo n d s  
i n  n o n - p o l a r  s o l v e n t s  and i n  w a te r .  T h is  may t a k e  p la c e  
t h r o u g h  a  -0 -H .  . . . 0  o r  a  - G - H . . . . N  b r i d g e  f a c i l i t a t e d  by 
t h e  en h an ced  l a b i l i t y  o f  t h e  c a rb o n -h y d ro g e n  bond a d j a c e n t  
t o  a  c a rb o n y l  g ro u p .  C h i t i n  c o n s i s t s  l a r g e l y  o f  p o ly -N -  
a c e ty lg lu c o s a m in e  and a d s o r b s  n o n - i o n i c  s o l u t e s .  T h is  
a d s o r p t i o n  m ig h t t a k e  p l a c e  t h r o u g h  h y d ro g e n -b o n d in g  a t  t h e  
h y d ro x y  o r  t h e  a c e ta m id o  g ro u p s .  The b e h a v io u r  o f  N- 
a c e ty lg lu c o s a m in e  s u g g e s t s  t h a t  i n  w a te r  t h e  h y d ro x y  g ro u p s  
o f  c h i t i n  a r e  s o l v e n t - p r o t e c t e d  and a d s o r p t i o n  t a k e s  p l a c e  
by  b o n d in g  a t  t h e  a c e ta m id o  g ro u p .  I n  o r g a n ic  s o l v e n t s  
b o th  t y p e s  o f  g rou p  may b e  r e a c t i v e .
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PRESENT WORK
T h is  work i s  a  q u a n t i t a t i v e  s tu d y  o f  t h e  m echanism  
by w h ich  some m i n e r a l  and o r g a n ic  a c i d s  and a  v a r i e t y  o f  
azo  d y es  a r e  a d s o rb e d  fro m  w a te r  by c h i t i n .
H a rd ly  any q u a n t i t a t i v e  work on t h e  a d s o r p t i o n  
p r o p e r t i e s  o f  c h i t i n  h a s  p r e v i o u s l y  b e e n  p u b l i s h e d ,  y e t  
t h e s e  a r e  o f  u n d o u b te d  b i o l o g i c a l  im p o r ta n c e ,  and t h e i r  
s tu d y  m ig h t be e x p e c te d  t o  h e lp  i n  i n t e r p r e t i n g  t h e  
a d s o r p t i o n  b e h a v io u r  o f  o t h e r  r e l a t e d  n a t u r a l  p o ly m e rs .
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EXPERIMENTAL
P r e p a r a t i o n  o f  C h i t i n .
T h is  was p r e p a r e d  by T h o r 's  m ethod  f ro m  t h e  c a r a p a c e  
o f  N ephrops n o r v é g i e n s . The s h e l l s ,  b ro k e n  t o  a b o u t  ^  i n . ,  
w ere s u c c e s s i v e l y  t r e a t e d  w i th :
(a )  c o ld  3fo aq u eo u s  h y d r o c h l o r i c  a c i d  s o l u t i o n  f o r  
1 0-20  h r .  ; (b ) w a t e r ;  ( c )  1^  a q u e o u s  sod ium  c a r b o n a te
s o l u t i o n  c o n t a i n i n g  0»02fo o f  an  a n i o n i c  d e t e r g e n t  ( L i s s a p o l  
C, I . e . I . )  a t  b . p .  f o r  8 h r . ; (d ) w a t e r ;  (e )  c o ld  5^
aq u e o u s  h y d r o c h l o r i c  a c i d  s o l u t i o n  f o r  1 -2  h r . ; ( f )  w a t e r ;
(g) sod ium  c a r b o n a te  s o l u t i o n  ( t r e a t m e n t  a s  b e f o r e ) ;  
f i n a l l y  t h e  p r o d u c t  was w e l l  r i n s e d  w i t h  w a t e r ,  d r i e d  i n  
a i r  a t  105^ ,  t h e n  a l lo w e d  t o  c o n d i t i o n  24 h r .  i n  a i r  and 
s t o r e d  i n  a  s to p p e r e d  b o t t l e .  The m a t e r i a l  a t  t h i s  s t a g e  
was c o l o u r l e s s .
F o r  a n a l y s i s ,  t h e  m a t e r i a l  was d e h y d r a t e d ,  f i r s t  by 
s o a k in g  i n  e th a n o l  and t h e n  i n  e t h e r ,  t h e n  d r i e d  a t  50^ i n  
a i r ,  and f i n a l l y  d r i e d  ^  vacuo  o v e r  p h o s p h o ru s  p e n t  o x id e  a t  
110^ f o r  56 h r .  The n o rm a l m o i s tu r e  c o n t e n t  ( c a l c u l a t e d  
by d r y i n g  t o  c o n s t a n t  w e ig h t  a t  105^ )  i s  a b o u t  7- 8^ ,  v a r y ­
i n g  w i t h  t h e  a tm o s p h e r ic  c o n d i t i o n s .  A l l  d a t a  f o r  c h i t i n  
g iv e n  i n  t h i s  t h e s i s  a r e  c o r r e c t e d  f o r  t h e  w e ig h t  o f  t h e  
a d s o rb e d  m o i s t u r e .
F o r  rem o v a l o f  p r o t e i n  t h e  enzyme t r e a t m e n t ,  u s e d  by
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B a rg e e s  (1934) f o r  d e g r a d in g  w ool by  t r y p s i n  and  p e p s i n ,
was u s e d .  The s h e l l s ,  b ro k e n  t o  c a .  i n . ,  w ere  i n c u b a t e d
f o r  p e r i o d s  up  t o  e i g h t  d ay s  a t  37° w i t h  0 . 5^  p e p s i n  s o l u ­
t i o n  and added  b u f f e r  s o l u t i o n  (£H 1 . 4 ) ,  t h e n  w ashed  w e l l  
i n  h o t  w a t e r ,  t r e a t e d  w i t h  c o ld  5^  h y d r o c h l o r i c  a c i d  s o l u ­
t i o n ,  a g a in  w e l l  w ashed i n  w a t e r ,  d e c o lo u r i s e d  by  a c e t o n e
e x t r a c t i o n ,  w ashed w i t h  e t h e r  and  d r i e d .
P r e p a r a t i o n ,  p u r i f i c a t i o n  and e s t i m a t i o n  o f  s o l u t e s .
P u r i f i e d  com m erc ia l  o r  l a b o r a t o r y  p r e p a r e d  m a t e r i a l s  
w ere  u s e d ,  d i s s o l v e d  i n  d i s t i l l e d  w a te r  o r  a n a l y t i c a l  
q u a l i t y  s o l v e n t s .  Some o f  t h e  azo  d y es  w ere  o b t a i n e d  i n  
an  a l r e a d y  p u r i f i e d  s t a t e ,  o t h e r s  w ere  p r e p a r e d  by c u s to m a ry  
m ethods  fro m  r e c r y s t a l l i s e d  i n t e r m e d i a t e s  and w ere  them ­
s e l v e s  r e c r y s t a l l i s e d  fro m  w a te r  t o  9 0 -1 0 0 ^  p u r i t y .  O rg a n ic  
and i n o r g a n i c  a c i d s  w ere o b t a i n e d  a s  a n a l y t i c a l  q u a l i t y  
r e a g e n t s .  The f r e e  a c i d s  o f  s i m p le r  compounds w ere  
p r e p a r e d  by i o n  exchang e  m ethods  ( R ic h a r d s o n ) .  F r e e  a c i d s  
o f  l e s s  s o l u b l e  azo  d y es  w ere o b t a in e d  by p r e c i p i t a t i o n  o f  
t h e  s o l u t i o n s  o f  t h e i r  sodium  s a l t s  by d i l u t e  h y d r o c h l o r i c  
a c i d .  The t e t r a s u l p h o n a t e d  d i r e c t  c o t t o n  dye was s u p p l i e d  
i n  p u re  fo rm  by t h e  m a n u f a c tu r e r s  ( I . C . I . )  who d i s c l o s e d  
i t s  c o n s t i t u t i o n  c o n f i d e n t i a l l y .
C o l o u r l e s s  a c i d s  w ere  d e te rm in e d  v o l u m e t r i c a l l y  by  
t i t r a t i n g  them  a g a i n s t  s u i t a b l e  s t r e n g t h s  o f  s t a n d a r d
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sodiiim  h y d ro x id e  u s i n g  p h e n o l p h t h a l e i n  a s  i n d i c a t o r .
P h e n o l  was e s t i m a t e d  by t h e  b ro m id e -b ro m a te  m ethod  
(K o p p e s c h a a r , 1 8 7 6 ) .  C o lo u red  s o l u t e s  w ere  e s t i m a t e d  
a b s o r p t i om etr i c a l l y  on e i t h e r  a  H i l g e r  S p e k k e r  p h o t o e l e c t r i c  
a b s o r p t i o m e t e r  o f  a  Unicam S . P . 500 S p e c t r o p h o to m e te r .  Some 
o f  t h e  d y es  u s e d  changed  c o lo u r  w i th  change o f  £H. I n  
t h i s  c a se  t h e  £H o f  a l l  t h e  s o l u t i o n s  was b r o u g h t  to  t h e  
same v a lu e  b e f o r e  a n a l y s i s .  The £H v a l u e s  w ere m easu red  
on a  g l a s s  e l e c t r o d e .
P u r i t i e s  o f  t h e  d y e s  w ere  d e te rm in e d  by t i t a n o u s  
c h l o r i d e  t i t r a t i o n  m ethod  (K nech t and H i b b e r t ,  1925) and 
t h e  a d s o r p t i o n  d a t a  c o r r e c t e d  a c c o r d in g  to  t h e  r e s p e c t i v e  
p u r i t y  f i g u r e s .  I t  i s  assum ed t h a t  t h e  i m p u r i t i e s  a r e  
i n a c t i v e ,  s i n c e  t h e y  a r e  l i k e l y  to  c o n s i s t  l a r g e l y  o f  
sod ium  c h l o r i d e  o r  f i r m l y  bound w a te r .
N o rm a lly  t h e  am ounts a d s o rb e d  w ere  d e te rm in e d  by 
d i f f e r e n c e  fro m  t h e  i n i t i a l  and f i n a l  s o l u t i o n  c o n c e n t r a ­
t i o n s .  The p l o t  o f  o p t i c a l  d e n s i t y  a g a i n s t  c o n c e n t r a t i o n  
i s  l i n e a r ,  and f ro m  d i f f e r e n c e  i n  o p t i c a l  d e n s i t i e s  b e f o r e  
and a f t e r  a d s o r p t i o n  t h e  am ount o f  s o l u t e  a d so rb e d  can  be 
c a l c u l a t e d .  F o r  t h o s e  azo-com pounds i n  w h ich  a d s o r p t i o n  
to o k  p l a c e  from  h i g h l y  c o n c e n t r a t e d  s o l u t i o n s ,  t h e  m e a s u re ­
m en ts  w ere made on s o l u t i o n s  o f  t h e  s u b s t r a t e  and dye i n  
80^  ( v /v )  s u l p h u r i c  a c i d ,  a s  u se d  by Rowe and L e v in  f o r  
d i s s o l v i n g  dyed c e l l u l o s e .  The dyed c h i t i n  was removed
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f ro m  t h e  t e s t  s o l u t i o n ,  r i n s e d ,  d r i e d  a t  105° f o r  2 h r . ,
t h e n  p l a c e d  i n  t h e  a c i d  m ix tu r e  and k e p t  i n  a  r e f r i g e r a t o r  
f o r  12 h r . , when c o m p le te  s o l u t i o n  o f  t h e  m a t e r i a l  was s e e n  
t o  have  t a k e n  p l a c e  w i th o u t  c h a r r i n g .  The dye c o u ld  n o t  
o t h e r w i s e  be c o m p le te ly  e x t r a c t e d  f ro m  t h e  dyed c h i t i n ,  
ev en  by  sodium  h y d ro x id e  s o l u t i o n ,  f o l lo w e d  by p y r i d i n e .
Types o f  I s o t h e r m .
The a d s o r p t i o n  was s t u d i e d  by d e t e r m i n a t i o n  o f  f o u r  
d i f f e r e n t  t y p e s  o f  i s o t h e r m  ( c f .  t h e  m e th o d s  u s e d  f o r  
w o o l,  V i c k e r s t a f f ,  1954)* The m ethod s  a r e : -
(a )  H igh c o n s t a n t  c o n c e n t r a t i o n  b a t h s ,  i n  a  r a n g e  
o f  pH v a l u e s .
I n  t h i s  m e th o d , s o l u t i o n s  w ere  p r e p a r e d  i n  co n cen ­
t r a t i o n s  e q u a l  t o  t h e  s a t u r a t i o n  v a l u e s  f o r  t h e  f r e e  d y e -  
a c i d s  and t h e n  a d j u s t e d  t o  a  r a n g e  o f  h i g h e r  £H v a l u e s  by 
a d d i t i o n  o f  sodium  h y d r o x id e .  T h is  was fo u n d  t o  be  t h e  
b e s t  m ethod f o r  s t u d y i n g  t h e  e f f e c t  o f  £H on  a d s o r p t i o n ,  
b u t  i t  was u s e d  f o r  o n ly  a  few  d y e s  b e c a u s e  i t  r e q u i r e d  
m ore s o l u t e  t h a n  was i n  many c a s e s  a v a i l a b l e ,  and  b e c a u s e  
s e v e r a l  dyes  a r e  n o t  s u f f i c i e n t l y  s o l u b l e  i n  a c i d  s o l u t i o n s  
t o  be a p p l i e d  i n  t h i s  way.
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(b )  Low c o n s t a n t  c o n c e n t r a t i o n  b a t h s  i n  a  r a n g e  
o f  p H v a l u e s .
T h is  m ethod was u s e d  w i t h  a  w ide r a n g e  o f  a z o -d y e s  a s  
a  s u b s t i t u t e  f o r  m ethod  ( a ) .
S o l u t i o n s  o f  c o n s t a n t  azo-com pound c o n c e n t r a t i o n  
(0 .0001  M) a r e  a p p l i e d  a f t e r  a d ju s tm e n t  t o  a  r a n g e  o f  £H 
v a l u e s  by a d d i t i o n  o f  s u l p h u r i c  a c i d  o r  sodium  h y d r o x id e .  
T h is  m ethod e n a b le s  a  w id e r  r a n g e  o f  £H v a l u e s  t o  be  u s e d  
t h a n  d o es  m ethod  ( a ) ,  b u t  t h e  r e s u l t s  a r e  o f  c o u r s e  
a f f e c t e d  by t h e  c o m p e t i t i o n  f o r  t h e  s u b s t r a t e  b e tw een  t h e  
a c i d  a n io n  and t h e  dye a n io n .
(c )  V a r i a b l e  c o n c e n t r a t i o n  b a t h s  o f  c o n s t a n t  £H.
A s e r i e s  o f  s o l u t i o n s  c o v e r in g  a  r a n g e  o f  i n i t i a l  dye 
c o n c e n t r a t i o n s  was u s e d ,  e a c h  a d j u s t e d  by  a d d i t i o n  o f  
s u l p h u r i c  a c id  t o  t h e  i n i t i a l  £H v a l u e  fo u n d  t o  g iv e  m ax i­
mum a d s o r p t i o n  by m ethod  ( b ) .  T h is  m ethod  i s  a l s o  
a f f e c t e d  by c o m p e t i t i o n  o f  t h e  a c i d  a n io n .  R e s u l t s  a r e  
q u o te d  i n  T a b le  1 w h ich  shows t h e  maximum a d s o r p t i o n ,  
d e te rm in e d  by d i r e c t  i n s p e c t i o n  o f  t h e  i s o t h e r m  o r  by  a  
"L angm uir"  p l o t .
(d )  V a r i a b l e  c o n c e n t r a t i o n  b a t h s , pH n o t  a d j u s t e d .
T h is  m ethod  was em ployed f o r  a  few  d y es  t o  d e te r m in e  
a p p a r e n t  h e a t s  o f  a d s o r p t i o n .  The t e s t s  w ere  c o n t in u e d
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f o r  a  p e r io d  w h ich  p r e l i m i n a r y  r a t e  m easu rem en ts  had  shown 
t o  be  s u f f i c i e n t  to  a c h ie v e  e q u i l i b r i u m .  T h is  v a r i e d  
f ro m  a b o u t  50  m in . f o r  some o f  t h e  a z o - d y e s  w i t h  s m a l l e r  
m o le c u le s ,  t o  a b o u t  5 h r .  f o r  some o f  t h e  d i r e c t  c o t t o n  
d y e s .
E x p e r im e n ta l  p r o c e d u r e .
The a d s o r p t i o n  t e s t s  were made i n  s e a l e d  t u b e s  
c o n t a i n i n g  t h e  r e q u i r e d  w e ig h t  o f  t h e  c h i t i n  and t h e  
a p p r o p r i a t e  s o l u t i o n .  The t u b e s  were tu m b le d  i n  a  w a te r  
t h e r m o s t a t  (C lu n ie  and  G i l e s )  f o r  t h e  n e c e s s a r y  p e r i o d  i n  
e a c h  c a s e .  A S u n v ic  t h e r m o s t a t i c  c o n t r o l  u n i t  m a in t a in e d  
t h e  t e m p e r a tu r e  i n  t h e  t h e r m o s t a t  t o  an  a c c u r a c y  o f  + 0 .5 ^ 0 .  
o f  t h e  d e s i r e d  t e m p e r a t u r e .
F o r  t h e  azo-com pounds t e s t e d  by  m ethod s  (b )  and (c )  
O .O Ig . c h i t i n  and 20 c . c .  s o l u t i o n  w ere u s e d  and f o r  t h o s e  
t e s t e d  by m ethod (a )  and (d )  0 .0 2 g .  c h i t i n  and 20 c . c .  
s o l u t i o n .
N a tu re  o f  compounds s t u d i e d .
The f o l l o w i n g  t a b l e  g iv e s  a  l i s t  o f  t h e  compounds 
u s e d ,  and t h e  p r o c e d u r e s  em ployed w i t h  th em .
— 14—
Temp. ( 0° .  ) M ethod
M in e ra l  a c i d s .
S u l p h u r i c
H y d r o c h lo r ic
A l i p h a t i c  a c i d s .
F o rm ic
A c e t i c
M o n o c h lo ro a c e t ic
B enzene d e r i v a t i v e s .
B enzene s u lp h o n ic  a c id  
P i c r i c  a c id
A n i l i n e  2 : 5 - d i s u l p h o n i c  a c i d  
P h e n o l
N a p h th a le n e  d e r i v a t i v e s .
N a p h th a le n e  2- s u l p h o n i c  a c i d
G r -  a c i  d ( 2-n a p  h t  h o i -  6 : 8-
d i s u l p h o n i c  a c i d )
B en ze n eazo h e n zen e  d e r i v a t i v e s .
A zobenzene 4 - s u lp h o n ic  a c i d
4 -Hydroxyaz Ob enz en e -4 ' -  
su lphonic acid
do
4-A m inoazobenz e n e - 4 ' -  
s n lp h o n ic  a c i d
50
50
50
50
50
50 
50 
50 
50 , 60
50
50
50
50
50
50
a
a
a
a
a
a
a
a
d
a
a
b
b
c
a
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T em p .( 0 ° . )  M ethod
B e n z e n e a z o n a p h th a le n e  d e r i v a t i v e s .
O range I  ( S u l p h a n i l i e  a c i d ------^
1- n a p h t h o l )
50 a
O range I I  ( S u l p h a n i l i e  a c i d ----- >
2- n a p h t h o l )
50 a
S u l p h a n i l i e  a c i d ------ > 2 - n a p h t h o l -
6- s u l p h o n ic  a c i d )
50 b
N a p h th a le n e a z o n a p h th a le n e  d e r i v a t i v e s .
N a p h th a le n e  Red J  ( n a p h th i o n i c  a c i d — >
2- n a p h t h o l )
50 a
D i r e c t  c o t t o n  d y e s .
Congo Red ( B e n z i d i n e -------> (n a p h th io n ie
a c i d ) J
50 , 60 d
C h lo r a z o l  A z u r in e  G ( 5 %5'- d i a n i s i d i n e  
-------- > ( l - n a p h t h o l - 4- s u l p h o n i c  ao id )^ )
50 , 60 c
do 50 , 60 d
do 50 , 60 b
T e t r a s u lp h o n a te d  d i r e c t  c o t t o n  dye 50 , 60 c
O th e r  s u b s t r a t e s  u s e d .
P h e n o l  was a d s o rb e d  on c e t y l  a l c o h o l  a t  two te m p e ra ­
t u r e s  i n  o r d e r  t o  s tu d y  t h e  a p p a r e n t  h e a t  o f  a d s o r p t i o n .
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RESULTS AND DISCUSSION
P r e p a r a t i o n  o f  Raw M a t e r i a l  and  i t s  C o n s t i i n i t i o n : -
The s t a r t i n g  m a t e r i a l s  u s e d  h e r e  w ere  t h e  s h e l l s  o f  
t h e  N orw egian  l o b s t e r  (N ephrops  n o r v é g i e n s ) ^  and  a l s o  t h e  
l i n i n g  o f  t h e  s h e l l  o f  t h e  common l o b s t e r .  The l a t t e r ,  
w h ich  fo rm s  a  t h i n  c o l o u r l e s s  t r a n s p a r e n t  f i l m ,  c o n t a i n i n g  
l i t t l e  o r  no c a lc iu m  c a r b o n a te  and o v e r  50 p e r c e n t  c h i t i n ,  
w ould be  t h e  p r e f e r r e d  m a t e r i a l ,  w ere  i t  n o t  d i f f i c u l t  t o  
o b t a i n  i n  s u f f i c i e n t  q u a n t i t y .  N ephrops s h e l l s  w ere  t h e  
n e x t  i n  o r d e r  o f  p r e f e r e n c e ,  b e c a u s e  t h e y  a r e  m ore r e a d i l y  
b ro k e n  u p .  The p r e v io u s  w ork , by  S u b ram an ian , was made 
on  g ro u n d  c h i t i n  and i n  o r d e r  t o  e n s u r e  t h a t  i m p u r i t i e s  
f ro m  g r i n d i n g  d id  n o t  i n t e r f e r e  w i t h  t h e  t e s t s ,  s i l i c a  
b a l l s  w ere  u s e d ,  s i n c e  s i l i c a  d o e s  n o t  a d s o rb  a n i o n i c  
compounds from  aq u e o u s  s o l u t i o n .  R e fe re n c e  t o  d i f f e r e n c e s  
i n  a d s o r p t i o n  p r o p e r t i e s  b e tw e e n  g ro und  and u n  g ro u n d  m a t e r ­
i a l  i s  m e n t io n e d  l a t e r .
I n  p r e v io u s  work t h r e e  m ethods  o f  p u r i f i c a t i o n  h av e  
b e e n  exam ined , v i z .  C la rk  and  S m ith ’ s  (1956) p r o c e s s ,
T h o r ’ s p r o c e s s ,  and  a  new p r o c e s s  u s i n g  enzyme h y d r o l y s i s .
X E h ec h t  and  H ib b e r t  (1926) g iv e  a  u s e f u l  s u r v e y  o f  t h e  
g e n e r a l  p r o p e r t i e s  and o c c u r r e n c e  o f  c h i t i n ,  w i t h  a  
re v ie w  o f  e a r l y  w ork . F o r  a  m ore r e c e n t ,  and  v e r y  
f u l l  s u r v e y ,  s e e  R ic h a rd s*  m onograph .
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C la rk  and  S m ith  rem oved c a lc iu m  c a r b o n a te  by c o ld  d i l u t e  
n i t r i c  a c i d ,  and p r o t e i n  by  h y d r o l y s i s  w i t h  20^  aq u eo u s  
sod ium  h y d ro x id e  a t  b . p .  f o r  4 h r .  T h o r ’ s  m ethod  i s  
m i l d e r ,  sod ium  c a r b o n a te  s o l u t i o n  b e in g  u s e d  a s  t h e  
h y d r o l y s i n g  a g e n t .  A n a l y s i s  o f  p r o d u c t s  p r e p a r e d  by 
t h e s e  m ethods  a r e  g iv e n  i n  T a b le s  5 and 6 .
E n zy m atic  t r e a t m e n t  was exam ined i n  t h i s  l a b o r a t o r y  
(M iss M. L a id la w , 1949, u n p u b l i s h e d )  a s  a  p o s s i b l e  m ethod  
o f  rem o v in g  p r o t e i n  w i th o u t  c a u s in g  h y d r o l y s i s  o f  t h e  
a c e ty la m in o - g r o u p ,  s i n c e  t h e  a t t a c k  s h o u ld  be  s p e c i f i c  f o r  
t h e  p e p t i d e  l i n k a g e s  i n  t h e  p r o t e i n  m o le c u le .  The p r o t e i n  
i n  c r u s t a c e a n  s h e l l s  h a s  a  h ig h  p r o p o r t i o n  o f  t y r o s i n e  
( P r a e n k e l  and R u d a l l ,  1946) and t h u s  s h o u ld  be  h y d r o ly s e d  
by  t r e a t m e n t  w i t h  p e p s i n .  E x a m in a t io n  o f  t h e  p r o d u c t  by 
t h e  b i u r e t  t e s t  showed t h a t  t h i s  p ro c e d u re  d id  n o t  c o m p le te ­
l y  remove p r o t e i n  (T a b le  5) fro m  b ro k e n  s h e l l  f r a g m e n t s ,  
p r o b a b ly  owing t o  in c o m p le te  p e n e t r a t i o n  by t h e  enzyme.
The e x p e r im e n t  when r e p e a t e d  u s in g ,  f i n e l y  g ro u n d  ( b a l l -  
m i l l e d )  s t a r t i n g  m a t e r i a l  a p p e a re d  t o  rem ove t h e  p r o t e i n  
c o m p le te ly .  U n f o r t u n a t e l y  n o t  o n ly  d id  t h e  p r o d u c t  con­
t a i n  s i l i c a ,  b u t  some n a t u r a l  c o l o u r i n g  m a t t e r  a l s o ,  w h ich  
c o u ld  n o t  be f u l l y  e x t r a c t e d  f ro m  i t ,  th o u g h  i t  c o u ld  be 
d e s t r o y e d  by b l e a c h i n g  w i t h  p o ta s s iu m  p e rm a n g a n a te  s o l u t i o n ,  
f o l lo w e d  by sodium  b i s u l p h i t e .
The a n a l y t i c a l  d a t a  and t h e  a d s o r p t i o n  r e s u l t s ,  ho w ev er .
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do n o t  show t h a t  e n z y m a tic  t r e a t m e n t  o f  s h e l l s  o f f e r s  any 
s u b s t a n t i a l  a d v a n ta g e  o v e r  t h e  s h o r t e r  p r o c e s s  o f  T h o r, 
w h ich  was t h e r e f o r e  u s e d  f o r  p r e p a r i n g  m ost o f  t h e  c h i t i n  
u s e d  i n  t h i s  r e s e a r c h .
I t  h a s  b ee n  assum ed i n  r e c e n t  y e a r s  t h a t  c h i t i n  
c o n s i s t s  e n t i r e l y  o f  p o ly - N - a c e ty lg lu c o s a m in e  a s  s u g g e s te d  
by M e^er and Mark (1 9 2 8 ) .  I r v i n e  (1909) h o w ev e r ,  had  
s u g g e s t e d ,  f o l l o w i n g  p o l a r i m e t r i c  e x p e r im e n ts ,  t h a t  c h i t i n  
c o n s i s t s  o f  one m o le c u le  o f  a m in o g lu c o se  co n d en sed  w i th  
t h r e e  m o le c u le s  o f  a c e ty la m in o g lu c o s e  w i th  t h e  e l i m i n a t i o n  
o f  f o u r  m o le c u le s  o f  w a t e r ,  and M a rg u l l s  (1916) n o t i c e d  
t h a t  n o t  a l l  t h e  n i t r o g e n  i s  e q u a l l y  r e a c t i v e .  Darmon and 
R u d a l l  (1950) s t a t e  t h a t  c h i t i n  i s o l a t e d  by them  fro m  i n s e c t  
c u t i c l e s  g iv e s  a  v a l u e  f o r  n i t r o g e n  c o n te n t  c o r r e s p o n d in g  to  
a b o u t  93^ p u re  c h i t i n .  They a l s o  s t a t e  t h a t  p u r i f i e d  
l o b s t e r  c h i t i n  h a s  shown a  s t i l l  n e a r e r  a p p r o a c h  to  t h e  
t h e o r e t i c a l  n i t r o g e n  c o n t e n t .
The e le m e n ta r y  a n a l y s e s  (T a b le  6) o f  s a m p le s  p r e p a r e d  
by d i f f e r e n t  m ethods and a n a ly s e d  a t  d i f f e r e n t  t im e s  a r e  
c o n s i s t e n t ,  b u t  do n o t  c o r r e s p o n d  w i th  t h e  t h e o r e t i c a l  
v a lu e  f o r  p o l y a c e ty l g l u c o s a m i n e .  The t i t r a t i o n  c u rv e  f o r  
a c i d s ,  how ever ( F i g . 1 and 5) and t h e  i s o t h e r m s  f o r  azo  
dyes  s u g g e s t  t h a t  some 1 0 -1 5 ^  o f  t h e  a m in o -g ro u p s  a r e  
u n a c e t y l a t e d , and a  h y p o t h e t i c a l  m ix tu r e  o f  8 2 .5 ^  p o ly -N -  
a c e ty lg lu c o s a m in e  and 1 2 .5 ^  p o ly -g lu c o s a m in e  w i t h  5^ bound
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w a t e r ,  g iv e s  a  t h e o r e t i c a l  a n a l y s i s  ( s e e  T a b le  6) v e r y  
c l o s e  t o  t h e  e x p e r im e n ta l  v a l u e .  T h is  seem s a t  f i r s t  
s i g h t  a  h ig h  q u a n t i t y  o f  w a te r  t o  be  r e t a i n e d  ev e n  u n d e r  
s e v e r e  d r y i n g  c o n d i t i o n s ,  b u t  i t  i s  n o t  u n r e a s o n a b l e  i n  a  
s u b s t a n c e  o f  s u c h  v e r y  h i g h  c r y s t a l l i n i t y  a s  t h i s .
The a d s o r p t i o n  d a t a  s u g g e s t  t h a t  a  v e r y  h i g h  p r o p o r ­
t i o n ,  p e r h a p s  even  8 0 ^ , o f  c h i t i n  i s  c r y s t a l l i n e .  Wool, 
w h ic h  h a s  low  c r y s t a l l i n i t y  ( a b o u t  10-15  ^  i n a c c e s s i b l e  to  
d e u t e r iu m  o x id e  ( B u r le y ,  N i c h o l l s ,  and  Speakm an, 1 9 5 5 ) ) ,  
r e t a i n s  a b o u t  0 .5 - 1  o f  bound w a te r  a f t e r  d r y i n g ,  so 
t h a t  a  f i v e  p e r  c e n t  bound w a te r  c o n t e n t  f o r  c h i t i n  i s  n o t  
u n l i k e l y .  I n  a i r  d ry  c h i t i n  t h e r e  i s  a l s o  o f  c o u r s e  a  
p r o p o r t i o n  o f  l a b i l e  a d s o rb e d  w a te r  w h ich  v a r i e s  w i th  t h e  
s t a t e  o f  t h e  a tm o s p h e re ;  t h i s  i s  n o rm a l ly  7 -9  ^  by 
w e i g h t .  I n  a l l  t h e  a d s o r p t i o n  d a t a  shown by t h e  f i g u r e s  
c o r r e c t i o n  h a s  b e e n  made f o r  t h i s  m o i s tu r e  b u t  n o t  f o r  
t h e  p o s t u l a t e d  bound w a t e r .  The low  v a l u e  f o r  c a rb o n  
a n a l y s i s  c a n n o t  b e  r e p ro d u c e d  e . g .  by any h y p o t h e t i c a l  
m ix tu r e  c o n t a i n i n g  a  p r o p o r t i o n  o f  p o ly  g l u c o s e ,  on t h e  
a s s u m p t io n  t h a t  some a c e ty la m in o - g r o u p s  a r e  rem oved e n t i r e ­
l y  i n  t h e  p r e p a r a t i o n ,  b e c a u s e  t h e  c a rb o n  c o n t e n t  o f  p o ly ­
g lu c o s e  i s  i t s e l f  a lm o s t  t h e  same a s  t h a t  o f  t h e  p r o d u c t .
I t  seems u n l i k e l y  t h a t  a  p r o p o r t i o n  o f  f r e e  am ino- 
g ro u p s  i n  t h e  m a t e r i a l  i s  fo rm ed  d u r i n g  t h e  p u r i f i c a t i o n
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p r o c e s s ,  b e c a u s e  (a )  i f  t h i s  o c c u r r e d  i n  t h e  a c i d  t r e a t ­
m ent t h e  n i t r o g e n  c o n t e n t  w ould  b e  much lo w e r  t h a n  i t  i s  
and  (b )  i f  i t  o c c u r r e d  i n  t h e  a l k a l i n e  t r e a t m e n t ,  t h e  
a n a l y s i s  f o r  t h e  p e p s i n - t r e a t e d  sam ple  (w h ich  h a s  n o t  
b e e n  s u b j e c t e d  t o  a l k a l i )  w ould b e  s i g n i f i c a n t l y  d i f f e r e n t  
f ro m  t h a t  o f  o t h e r s ,  w h ich  i t  i s  n o t .
F u r t h e r ,  t h e  dye a d s o r p t i o n  i s o t h e r m s  g iv e  i n d i c a t i o n s  
o f  t h e  p r e s e n c e  o f  t h e  same p r o p o r t i o n  o f  f r e e  a m in o -g ro u p s  
i n  t h e  am orphous r e g i o n s  a s  i n  t h e  w hole  s t r u c t u r e ,  and  i t  
t h e r e f o r e  a p p e a r s  t h a t  t h e  m o le c u l a r  c h a in s  i n  c h i t i n  may 
c o n t a i n  one g lu c o sa m in e  r e s i d u e  t o  a b o u t  e a c h  e i g h t  N- 
a c e  t y l g l u c o  sam ine r e s i d u e s .  I t  may be  m e n t io n e d  t h a t  t h e  
i n f r a - r e d  s p e c t r a  o f  c h i t i n  and i t s  d e a c e t y l a t i o n  p r o d u c t  
( c h i t o s a n )  shown by Darmon and R u d a l l  a r e  n o t  i n c o n s i s t e n t  
w i t h  t h e  p r e s e n c e  o f  some f r e e  a m in o -g ro u p s  i n  c h i t i n .
D i f f e r e n c e  i n  a d s o r p t i v e  p r o p e r t i e s  o f  g rou nd  and 
u n g ro u n d  c h i  t i n
Two sam p les  o f  c h i t i n ,  b o th  p r e p a r e d  by T h o r ’ s m e th o d , 
one b e in g  m e re ly  b ro k e n  i n t o  ^  i n .  f l a k e s ,  and th e  o t h e r  
f i n e l y  g ro und  6 h r .  i n  an  a g a te  m o r t a r ,  showed a  c o n s i d e r ­
a b l e  d i f f e r e n c e  i n  a d s o r p t i v e  p r o p e r t i e s  ( F i g . 1 ) ,  f o r  
w h e re a s  b o th  a d s o rb e d  h y d r o c h l o r i c  a c i d  t o  t h e  same e x t e n t ,  
t h e i r  a d s o r p t i o n  o f  s u l p h u r i c  a c i d  was d i f f e r e n t .  The 
two a c i d s  had  t h e  same a d s o r p t i o n  d n  pow dered  c h i t i n ,  b u t
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on f l a k e s  s u l p h u r i c  a c i d  was a d s o rb e d  much l e s s  t h a n  
h y d r o c h l o r i c  a c i d .  T hese  d i f f e r e n c e s  a p p e a re d  t o  be  q u i t e  
r e a l  and  r e p r o d u c i b l e .  They m ust be  a t t r i b u t e d  t o  p h y s i ­
c a l  d i s t u r b a n c e s  o f  t h e  c r y s t a l l i n e  s t r u c t u r e  o f  c h i t i n  
c a u se d  by  t h e  h e a t  o r  m e c h a n ic a l  a c t i o n  o f  g r i n d i n g ,  w h ich  
a p p e a r s  t o  r e d u c e  t h e  c r y s t a l l i n i t y  o f  t h e  s u b s t r a t e .
I n  t h e  p r e s e n t  w ork  a l l  t h e  r e m a in in g  a d s o r p t i o n  t e s t s  
w ere  made on f l a k e d  c h i t i n .
D e a c e t y l a t i  on by a c i d ; -
A p r e v io u s  i n v e s t i g a t o r  (S u b ram a n ia n , 1955) made 
t e s t s  t o  d i s c o v e r  w h e th e r  d e a c e t y l a t i o n  i s  l i a b l e  t o  o c c u r  
i n  t r e a t i n g  c h i t i n  w i th  m i n e r a l  a c id  f o r  p r o lo n g e d  p e r i o d s .  
The n i t r o g e n  c o n t e n t  o f  t h e  m a t e r i a l  (N = 7*1^  o r i g i n a l l y )  
im m ersed  a t  60^ f o r  24 h r .  i n  aq u eo u s  h y d r o c h l o r i c  a c id  
f e l l  t o  6 .8 ,  4 .9  and 3*7^  when t h e  f i n a l  £H v a l u e s  w ere 
2 .5  and 2 .0 ,  o r  t h e  i n i t i a l  c o n c e n t r a t i o n  2 N, r e s p e c t i v e l y .
Thus i t  a p p e a r s  t h a t  on t h e  a c i d  s i d e  o f  £H 2 .5  t h e  
a c e t y l  a m in o -g ro u p  i s  rem oved and ammonia and a c e t i c  a c i d  
m ust b e  l o s t .  The p a r t i a l  d e a c e t y l a t i o n  i n  t h e  i n i t i a l  
p r e p a r a t i o n  o f  t h e  raw  m a t e r i a l  p r o b a b ly  o c c u r s  i n  t h e  h o t  
a l k a l i n e  s o l u t i o n  w i th  t h e  am ine g roup  r e m a in in g  u n a f f e c t e d .
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A d s o r p t io n  o f  m in e r a l  a c i d ^ ; -
T i t r a t i o n  c u rv e s  o f  f i n e l y  g ro u n d  c h i t i n  w ere  d e t e r ­
m ined w i t h  h y d r o c h l o r i c  a c id  i n  p r e s e n c e  and a b s e n c e  o f  
sod ium  o r  p o ta s s iu m  c h l o r i d e  o f  c o n s t a n t  m o l a r i t y ,  and 
w i t h  s u l p h u r i c  a c i d .  (Some o f  t h i s  work was c a f r i e d  o u t  
by  R. y .  R. S u b ram an ian  ( 1 9 5 5 ) ) .  T h ese  c u r v e s  a r e  shown 
i n  P i g . 1. M a t e r i a l  o f  t h e  c o m p o s i t io n  c o r r e s p o n d in g  to  
t h e  e le m e n ta r y  a n a l y s i s  (T a b le  6) w ould h av e  a  t h e o r e t i c a l  
maximum a c id  b i n d i n g  c a p a c i t y  o f  4 .8 0  e q u iv . p e r  k g . , o f  
w h ich  0 .6 2  e q u iv .  w ould  be c o n t r i b u t e d  by t h e  f r e e  am ino- 
g r o u p s .  T here  i s ,  i n  f a c t ,  a  t r a c e  o f  i n f l e c t i o n  i n  t h e  
t i t r a t i o n  c u rv e  f o r  h y d r o c h l o r i c  a c i d  a lo n e  a t  a b o u t  0 .6  
e q u iv .  p e r  k g . and t h e  L angm uir p l o t  o f  t h e  d a t a  ( P i g . 2) 
gave e v id e n c e  o f  a  maximum c l o s e  t o  t h e  v a l u e  p r e d i c t e d ,  
w i t h  a  s l i g h t  t r e n d  to w a rd s  a  s t i l l  h i g h e r  maximum a t  £H 
v a l u e s  l e s s  t h a n  a b o u t  3* 5-
No e x p l a n a t i o n  can  be g iv e n  f o r  t h e  e x c e e d in g ly  h ig h  
a d s o r p t i o n  v a l u e s  a t  v e r y  low  £H and t h e  a b s e n c e  o f  any 
maximum. ( c f .  T he u n a c c o u n ta b ly  h ig h  a d s o r p t i o n  v a l u e s  o f  
g lu c o s e  and s u c r o s e  on  g r a p h i t e ,  r e p o r t e d  e l s e w h e r e  i n  
t h i s  t h e s i s ) .  The amount o f  a c i d  bound a p p e a r s  t o  ex c eed
X Most o f  t h i s  d i s c u s s i o n  on m in e r a l  a c i d  a d s o r p t i o n  i s  
b a s e d  on t h a t  g iv e n  by S u b ra m a n ia n (1 9 5 5 ) ,  b u t  i t  i s  
i n c l u d e d  h e r e  t o  co m p le te  t h e  e v id e n c e  on a n i o n i c  
a d s o r p t i o n  and b e c a u s e  t h e  p r e s e n t  a u t h o r  r e p e a t e d  
some o f  t h e  t e s t s  t o  check  t h e  u n i f o r m i t y  o f  t h e  
c h i t i n  u s e d .
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t h e  t h e o r e t i c a l  l i m i t  by a  c o n s i d e r a b l e  m a rg in ;  even  i f  i t  
i s  su p p o sed  t h a t  some a c id  i s  t a k e n  up  a t  t h e  e t h e r  oxygen  
a tom s by oxonium  s a l t  f o r m a t i o n  t h i s  c o u ld  n o t  a c c o u n t  f o r  
t h e  h ig h  v a l u e s  o b t a i n e d ,  w h ich  a r e  beyond  any p o s s i b l e  
s t o i c h i o m e t r i c  q u a n t i t i e s .  C e r t a i n l y  t h e r e  m u s t  be 
c o n s i d e r a b l e  d e g r a d a t i o n  o f  t h e  s u b s t r a t e ,  b e c a u s e  i t  
becom es g e l a t i n o u s  i n  s t r o n g l y  a c id  s o l u t i o n s .  The e x c e s s  
a c id  m ust be  t a k e n  up by t h e  g e l  by some u n i d e n t i f i e d  
p h y s i c a l  a c t i o n .  I t  s h o u ld  be e m p h a s ise d  t h a t  t h e  e f f e c t  
i s  n o t  due t o  o c c l u s i o n  o f  some o f  t h e  e x t e r n a l  l i q u i d  
p h a se  i n  t h e  g e l ,  i n  a d d i t i o n  t o  a d s o r p t i o n .  The amount 
a d s o rb e d  i s  d e te r m in e d  by d i f f e r e n c e  from  t h e  t i t r a t i o n  
v a l u e s  o f  a l i q u o t s  o f  t h e  e x t e r n a l  s o l u t i o n  a t  e q u i l i b r i u m .  
A l i t t l e  c o n s i d e r a t i o n  w i l l  show t h a t  m ere o c c l u s i o n  o f  
l i q u o r  w ould n o t  be  shown by t h e  m ethod , w h ich  r e t u r n s  
o n ly  t h e  amount t h a t  i s  rem oved f ro m  t h e  s o l u t i o n  by 
a c t u a l  a d s o r p t i o n  i n  t h e  s o l i d  p h a s e .
The i n t e r - c h a i n  -N H .. .  .0 = 0 -  bo n d s  m ust be  b ro k e n  when 
t h e  n i t r o g e n  a tom s t a k e  up  h y d ro g e n  i o n s .  T h is  a l lo w s  
a d s o r p t i o n  o f  w a te r  by t h e s e  c a t i o n i c  g ro u p s  so fo rm e d , and 
by t h e  h y d ro x y -g ro u p s  th r o u g h o u t  t h e  s t r u c t u r e ,  l e a d i n g  t o  
p ro n o u n c ed  s w e l l i n g .
The a d s o r p t i o n  r e a c t i o n  o f  m i n e r a l  a c i d  by c h i t i n  h a s  
some re s e m b la n c e  t o  i t s  r e a c t i o n  w i t h  w o o l.  T h is  i s  s e e n  
f ro m  a  c o n s i d e r a t i o n  o f  t h e  s im p le  e q u a t i o n s  ( ! )  and ( i i )
—24—
f o r  c o m b in a t io n  o f  an  a c i d  HX w i th  t h e s e  two m a t e r i a l s  
r e s p e c t i v e l y .
+  + t ~
W1.NH,.00C.W1 ---------------> Wl.ITH^ + HOOC.Wl ------------ >■
+  —
( m .N H j)  X + HOOC.Wl .......... ( i )
Oh.NH.CO.OH, + H'*’---------> Gh.HHg.OO.OH^ + X“----------->
+
(Ch.NHg.CO.CH,) r "   ( i i )
(Wl| Oh. = r e s i d u e s  o f  wool and c h i t i n  m o l e c u l a r  c h a in s )
U n t i l  b ro k e n  by c o m b in a t io n  w i th  t h e  e n t e r i n g  h y d ro g e n  
i o n s  n e a r l y  a l l  t h e  b a s i c  am in o - and a c i d i c  g ro u p s  i n  wool 
a r e  com bined a s  s a l t  l i n k s  ( P e t e r s  and L i s t e r ,  1954) and 
t h u s  p r o b a b ly  do n o t  a c t  a s  s e p a r a t e  i o n i c  e n t i t i e s .  When
t h e  f i b r e  i s  s a t u r a t e d  w i t h  a c id  no s a l t  l i n k s  a r e  p r e s e n t
and  t h e  o n ly  i o n i c  c e n t r e s  a r e  t h e  c h a rg e d  a m in o -g ro u p s .
Thus i n  wool and i n  c h i t i n ,  a f t e r  a d s o r p t i o n  o f  t h e  h y d ro g e n  
i o n ,  t h e  a n io n  i s  a d s o rb e d  a t  a  s u r f a c e  whose o n ly  e f f e c t i v e  
i o n i c  s i t e s  a r e  s i n g l y  c h a rg e d  c a t i o n s ,  and t h u s  t h e  two 
s y s te m s  may be  com pared by s i m i l a r  q u a n t i t a t i v e  m eans.
The q u a n t i t a t i v e  t r e a t m e n t  o f  t h e  a d s o r p t i o n  o f  a c i d s  
by  w ool h a s  b e e n  th e  s u b j e c t  o f  much a t t e n t i o n s  t h u s  
G i l b e r t  and R id e a l  (1 9 4 4 ) ,  and some l a t e r  i n v e s t i g a t o r s ,  
h a v e  assum ed t h a t  a d s o rb e d  a n io n s  a r e  l o c a t e d  a t  s p e c i f i c
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s l t e g ,  t h e  o c c u p a t io n  o f  any  s i t e  n o t  i n t e r f e r i n g  w i th  t h a t  
o f  an  a d j a c e n t  o n e ,  w h i l s t  P e t e r s  and Speakman (1949) and 
o t h e r s  assum e t h a t  t h e  w o o l - a c id  sy s te m  h a s  Dorman membrane 
p r o p e r t i e s  and t h a t  a d s o rb e d  a n io n s  a r e  d i s s o l v e d  i n  t h e  
w a t e r  i n s i d e  t h e  f i b r e  and a r e  n o t  l o c a t e d  a t  s i t e s .  S in c e  
e a c h  t r e a t m e n t  s a t i s f i e s  some, b u t  n o t  a l l ,  o f  t h e  e x p e r i ­
m e n ta l  f a c t s ,  t h e r e  i s  room f o r  c o n s i d e r a b l e  d i s c u s s i o n  on  
t h e i r - r e l a t i v e  m e r i t s .
I n  t h e  G i l b e r t - R i d e a l  t r e a t m e n t ,  t h e  a c t i v i t y  o f  t h e  
h y d ro g e n  i o n s  i n  t h e  wool f i b r e  i s  e q u a te d  w i th  0 / 1 - 0  ,
w here  0 i s  t h e  f r a c t i o n  o f  t h e  a v a i l a b l e  s i t e s  o c c u p ie d ,  
t h e  a f f i n i t y  o f  h y d r o c h l o r i c  a c id  t h u s  b e in g  g iv e n  by t h e  
e x p r e s s i o n  -
(  ■** /^ h T O  )
-  ------- 2 -------------- —  = 2 .3  RT l o g (  e / 1  - 0  ) + £H + £01 . . .  ( i )
^ ( V i c k e r s t a f  f , 1954)
The p l o t s  o f  l o g  ( 0 / 1  -  0 ) a g a i n s t  £H ( P i g . 3) f o r  c h i t i n  
a r e  l i n e a r ,  w i th  s l o p e s  o f  - 1 . 0  ( a c id  a l o n e ) ,  and - 0 . 4 6  
(0 .1  N. N aC l) ,  and - 0 . 4 8  (N. NaCl) i n  good a g re e m e n t  w i th  
t h e  t h e o r e t i c a l  v a l u e s  o f  - 1 . 0  and - 0 . 5 ,  and - 0 . 5  r e s p e c t ­
i v e l y ,  r e q u i r e d  by t h i s  e q u a t i o n  ( c f .  t h e  c o r r e s p o n d in g  
v a l u e s  f o r  w o o l, V i c k e r s t a f f , 1954, v i z . ,  - 0 . 8 8 ,  - 0 . 5 0 ,  
- 0 . 5 0 ) .  The a f f i n i t y  v a l u e s  f o r  h y d r o c h l o r i c  a c i d  c a l c u l ­
a t e d  from  e q . ( i )  f o r  w o o l, h ow ever, a r e  v i r t u a l l y  c o n s t a n t  
a t  a l l  t h e  a c i d  o r  c h l o r i d e  c o n c e n t r a t i o n s  ( V i c k e r s t a f f ,
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1 9 5 4 ) ,  w h e rea s  h e r e  th e y  show a  downward t r e n d  w i th  i n c r e a s e  
e i t h e r  i n  a c i d  o r  c h l o r i d e  c o n c e n t r a t i o n * .
The t h e o r y ,  h ow ev er, t a k e s  no a c c o u n t  o f  t h e  p h y s i c a l  
a c c e s s i b i l i t y  o f  s i t e s  to  t h e  a n i o n s .  I n  w ool t h e  p r o p o r ­
t i o n  o f  t o t a l  s i t e s  a v a i l a b l e  f o r  r e a c t i o n  i s  d e te r m in e d  
s o l e l y  by t h e i r  d e g re e  o f  i o n i s a t i o n ,  w h ich  i n  t u r n  i s  a  
f u n c t i o n  o f  t h e  £H o f  t h e  s o l u t i o n .  A c c e s s i b i l i t y  i n  
c h i t i n ,  how ever, a s  w i l l  be d e m o n s t r a te d  b e lo w , i s  r e s t r i c t e d  
by t h e  m e c h a n ic a l  d i f f i c u l t y  o f  p e n e t r a t i o n  o f  t h e  s t r u c t u r e ,  
and a t  any g iv e n  £H l a r g e  a n i o n s ,  w h ich  would be  e x p e c te d  to  
have  h i g h e r  a f f i n i t y  t h a n  t h e  c h l o r i d e  i o n ,  a r e  a d s o rb e d  
much l e s s  t h a n  t h e  l a t t e r ,  b e c a u s e  t h e y  c a n n o t  r e a c h  a s  many 
s i t e s .  I t  i s  t h u s  p o s s i b l e  t h a t  t h e  c h l o r i d e  a n io n  a l s o  
h a s  n o t  a c c e s s  to  a s  h ig h  a  p r o p o r t i o n  o f  t h e  t h e o r e t i c a l l y  
p o s s i b l e  s i t e s  a s  h a s  t h e  h y d ro g e n  i o n ,  and t h u s  w i th  added  
c h l o r i d e  t h e  i n c r e a s e  i n  a d s o r p t i o n  i s  l e s s  t h a n  t h e o r e t i ­
c a l l y  p r e d i c t e d .
The e x p r e s s i o n  f o r  t h e  a f f i n i t y  o f  h y d r o c h l o r i c  a c i d  
f o r  wool c o n s id e r e d  a s  a  Donnan membrane i s
-  A ^igo  = 2 .3  RT lo g ( S g ) /V  + l o g  e ^ /1  - e  + £H + £C1 . . . ( i i )
( V i c k e r s t a f f ,  1954) 
w here (Sg) i s  t h e  s a t u r a t i o n  a d s o r p t i o n  v a l u e ,  and V i s  t h e
X T h is  t r e n d  i s  much g r e a t e r  t h a n  can  a p p a r e n t l y  be 
a c c o u n te d  f o r  by n e g l e c t  o f  a c t i v i t y  c o e f f i c i e n t s  
( c f .  V i c k e r s t a f f ,  1 9 5 4 ) .
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volum e o f  i n t e r n a l  s o l u t i o n  i n  t h e  s u b s t r a t e .  P l o t s  o f  
l o g  ( 0 / 1  -  6 ) a g a i n s t  £H ( P i g . 4) a r e  l i n e a r ,  a s  r e q u i r e d  
by  t h i s  e q u a t i o n ,  b u t  t h e  s l o p e s  f o r  a d s o r p t i o n  fro m  s o lu ­
t i o n s  c o n t a i n i n g  a c id  a l o n e ,  and t h o s e  w i t h  c o n s t a n t  
c h l o r i d e  i o n  c o n c e n t r a t i o n  (0 .1  N. and 1 .0  N . ) ,  a r e  
r e s p e c t i v e l y  - 1 . 6  and - 0 . 7 2 ,  com pared w i t h  t h e  t h e o r e t i c a l  
v a l u e s  o f  - 2 . 0  and - 1 . 0  ( o f .  t h e  c o r r e s p o n d in g  v a lu e  o f  
- 1 . 4  f o r  a c i d  a lo n e  on w o o l ) .  The a f f i n i t y  v a l u e s  f o r  
c h i t i n  c a n n o t  b e  c a l c u l a t e d  from  e q u a t i o n  ( i i )  i n  a b se n c e  
o f  a  v a l u e  f o r  V. On g e n e r a l  c o n s i d e r a t i o n s  t h e  a c t u a l  
s t a t e  o f  t h e  i o n s  i n  any s u b s t r a t e  may be c o n s id e r e d  t o  
l i e  b e tw e en  t h e  two s u g g e s te d  e x tre m e s  o f  co m p le te  f i x a t i o n  
a t  c a t i o n i c  s i t e s  o r  c o m p le te ly  u n l o c a l i s e d  s o l v a t i o n ,  so 
t h a t  t h e  more h i g h l y  c r y s t a l l i n e  t h e  s u b s t r a t e  t h e  more 
r e s t r i c t e d  s h o u ld  be  t h e  m o b i l i t y  o f  t h e  a n io n s  i n  t h e  
i n t e r n a l  aqu eou s  p h a s e ,  and t h e  n e a r e r  s h o u ld  t h e  c o n d i ­
t i o n s  a p p ro a c h  th o s e  assum ed i n  t h e  l o c a l i s e d  s i t e  t h e o r y .
A d s o r p t io n  o f  O rg a n ic  A c i d s : -
A d s o r p t io n  t e s t s  were made w i t h  a  v a r i e t y  o f  o r g a n ic  
a c i d s ,  t i t r a t i o n  c u r v e s  ( P i g . 5) b e in g  p l o t t e d  show ing  t h e  
am ount a d s o rb e d  fro m  s o l u t i o n s  o v e r  a  r a n g e  o f  £H v a l u e s ,  
o b t a i n e d  by v a r i a t i o n  o f  t h e  c o n c e n t r a t i o n  o f  t h e  a c i d .  
T a b le  8 g iv e s  some c o m p a ra t iv e  d a t a  show ing  t h e  v a r i a t i o n  
i n  am ounts o f  s e v e r a l  o r g a n ic  and two i n o r g a n i c  a c i d s .
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a d s o rb e d  a t  two e q u i l i b r i u m  £H v a l u e s ,  and some o f  t h e  
d a t a  a r e  p l o t t e d  i n  P i g . 6 i n  c o m p ar iso n  w i th  c o r r e s p o n d in g  
d a t a  f o r  a  p r o t e i n  f i b r e ,  w oo l, t h e  o n ly  n a t u r a l  p o lym er 
on  w h ich  a c i d  a d s o r p t i o n  h a s  b ee n  e x t e n s i v e l y  s t u d i e d .
T h e re  i s  a  s t r i k i n g  d i f f e r e n c e  b e tw e e n  t h e  two s e t s  
o f  v a l u e s  shown i n  P i g . 6*. I n  c h i t i n  t h e  amount o f  a c i d  
( e x p r e s s e d  a s  m o le c u le s )  d e c r e a s e s  w i t h  m o le c u l a r  s i z e ;  
i n  wool i t  i n c r e a s e s  m a rk e d ly .
As a l r e a d y  m e n t io n e d ,  wool i s  l a r g e l y  n o n - c r y s t a l l i n e  
(B u r le y  e ^  a l . ,  1 9 5 5 ) ,  t h e  p r o p o r t i o n  i n a c c e s s i b l e  t o  
d e u te r iu m  o x id e  b e in g  a s  low  a s  11-17?^* T hus, i n  w a t e r ,  
a n io n s  h av e  f r e e  a c c e s s  to  m ost o f  t h e  wool s u b s ta n c e  and 
t h e  a c t u a l  amount a d s o rb e d  w i l l  be  d e te rm in e d  m a in ly ,  by 
(a )  t h e  £H o f  t h e  s o l u t i o n ,  on w h ich  d ep e n d s  t h e  d e g re e  o f  
i o n i s a t i o n  o f  t h e  a c t i v e  s i t e s  and by (b ) t h e  a f f i n i t y  o f  
t h e  a n io n  i t s e l f ,  on w h ich  d ep en d s  t h e  p r o p o r t i o n  o f  t h e s e  
a c t i v e  s i t e s  w h ich  can  be  o c c u p ie d  by a n io n s .
The i n c r e a s e  i n  a d s o r p t i o n  on wool w i th  i n c r e a s e  i n
m o le c u la r  s i z e  i s  u s u a l l y  now a t t r i b u t e d  t o  enhanced  van
d e r  W aal8 a t t r a c t i o n  o f  t h e  a c i d  a n io n  f o r  wool p r o t e i n
( V i c k e r s t a f f ,  1 9 5 4 ) .  The o p p o s i t e  e f f e c t  o b s e rv e d  w i th
c h i t i n  m ust be  a t t r i b u t e d  t o  th e  r e s t r a i n t  im posed  on
X The £H 4 .5  d a t a  f o r  c h i t i n  show t h e  same t r e n d  a s  
t h o s e  a t  £H 3 b u t  t h e  l i n e a r i t y  i s  n o t  so  good;
HCl i s  s e e n  t o  have  an  a n o m a lo u s ly  h ig h  a d s o r p t i o n  
v a l u e .
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p e n e t r a t i o n  o f  t h e  a n io n s  by  t h e  h i g h l y  c r y s t a l l i n e  
s t r u c t u r e  o f  t h e  s u b s t r a t e .
The d a t a  f o r  c h i t i n  a t  £H 5> i n  f a c t ,  show t h a t  i n  
a  p a r t i c u l a r  s e r i e s  o f  a c i d s  t h e  num ber o f  m o le c u le s  
a d s o rb e d  d e c r e a s e s  l i n e a r l y  w i th  i n c r e a s e  i n  vo lum e o f  
t h e  a n io n .  I t  w i l l  be  o b s e rv e d  t h a t  t h e  s i x  a c i d s  o f  
t h e  s im p le  a l i p h a t i c  o r  b e n z e n o id  s e r i e s  f a l l  on one 
l i n e  ( a )*  and t h e  two n a p h t h a l e n e  a c i d s  on a n o t h e r  (b) 
w h ich  a p p a r e n t l y  h a s  t h e  same o r i g i n ;  t h e s e  l a t t e r  a c i d s  
c l e a r l y  have  t h e  h i g h e r  a f f i n i t y .  I f  t h e  p o i n t s  f o r  t h e  
f r e e  a c i d s  o f  c e r t a i n  a z o -d y e s  (d e te rm in e d  by  a  s l i g h t l y  
d i f f e r e n t  p r o c e d u r e  ( i s o th e r m  a ,  s e e  b e lo w ))  a r e  ad d e d , 
and l i n e s  drawn th r o u g h  them  a l s o  t o  m eet a t  t h e  o r i g i n  
o f  c u rv e s  a  and b , i t  w i l l  be  s e e n  t h a t  t h e r e  a r e  
a p p a r e n t l y  two o p p o s in g  f a c t o r s ,  one c h e m ic a l ,  and t h e  
o t h e r  m e c h a n ic a l ,  w h ich  d e te r m in e  t h e  amount a d s o r b e d î -
( i )  The c h e m ic a l  e f f e c t  i s  s e e n  i n  t h e  r i s e  i n  am ount o f  
a c i d  a d s o rb e d  w i t h  enhancem en t o f  c o n j u g a t i o n  i n  t h e  
m o le c u le ,  t h u s  t h e  f o l l o w i n g  s e r i e s  o f  compounds a r e  i n  
o r d e r  o f  i n c r e a s i n g  a f f i n i t y :  (a )  s im p le  f a t t y  a c i d s  and
b e n z e n o id  compounds, (b) n a p h t h a l e n e  com pounds, (c )
b e n z e n e a z o b e n z e n e  d e r i v a t i v e s ,  (d ) b e n z e n e a z o n a p h th a le n e
X I t  i s  p o s s i b l e  t h a t  t h e  a l i p h a t i c  a c i d s  may l i e  on
y e t  a n o t h e r  l i n e ,  f u r t h e r  t o  t h e  l e f t , b u t  on a c c o u n t  
o f  t h e  d i f f i c u l t y  i n  d e c i d i n g  t h e  e f f e c t i v e  vo lum es 
o f  t h e s e  s m a l l  a n i o n s ,  t h i s  c a n n o t  be  s t a t e d  w i th  
c e r t a i n t y .
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d e r i v a t i v e s ,  (e )  n a p h th a l e n e a z o n a p h th a le n e  d e r i v a t i v e s .
T h is  shows t h a t  an  i n c r e a s e  i n  t h e  a r e a  o f  p l a n a r  
m o le c u le s  r a i s e s  t h e i r  n o n - p o l a r  a t t r a c t i o n  f o r  t h e  c h i t i n  
m o l e c u l a r  c h a i n s .  A s i n g l e  b e n z e n e  r i n g  a p p a r e n t l y  h a s  
n e g l i g i b l e  a f f i n i t y ,  b e c a u s e  t h e  b e n z e n o id  a c i d s  f a l l  i n  
t h e  same a f f i n i t y  c l a s s  a s  t h e  s i m p l e s t  f a t t y  a c i d ,  b u t  
t h e  a f f i n i t y  r i s e s  s t e a d i l y  w i t h  i n c r e a s e  i n  t h e  p l a n a r  
a r e a  o f  t h e  m o le c u le .  The r e s u l t s  show t h a t  t h e  d i r e c t  
c o t t o n  d y e s ,  w h ich  have  v e r y  l a r g e  p l a n a r  m o le c u le s ,  h av e  
an  a f f i n i t y  h ig h  enough t o  a f f e c t  t h e  t e m p e r a tu r e  c o e f f i ­
c i e n t  o f  a d s o r p t i o n  a p p r e c i a b l y  ( P i g . 7 ) .
( i i )  The m e c h a n ic a l  e f f e c t  d ep en d s  u po n  m o l e c u l a r  vo lum e.
A p p a r e n t ly  i n  any  s e r i e s  o f  a c i d s  h a v in g  s i m i l a r  
a r e a s  f o r  t h e i r  a r o m a t i c  n u c l e i  t h e  am ount a d s o rb e d  
d e c r e a s e s  l i n e a r l y  w i th  i n c r e a s e  i n  m o l e c u l a r  v o lu m e . T h is  
i s  c l e a r l y  a  p u r e l y  m e c h a n ic a l  e f f e c t ,  c a u se d  by t h e  c h i t i n  
s t r u c t u r e  b e in g  h i g h l y  c r y s t a l l i n e  • By a  s im p le  c a l c u l a ­
t i o n  from  th e  i n t e r c e p t  o f  t h e  c u rv e s  i n  t h e  y - a x i s  o f  
P i g . 6 i t  c a n  be shown t h a t  o n ly  a b o u t  8^  o f  t h e  c h i t i n  
s t r u c t u r e  i s  a c c e s s i b l e  t o  t h e  s m a l l e s t  a n i o n s ,  i n  w a t e r .  
M o reo v e r ,  t h e  p o r e s  i n  t h i s  m a t e r i a l  a p p e a r  t o  c o v e r  a
r a n g e  o f  s i z e s ,  t h e  l a r g e s t  b e in g  a b l e  n o r m a l ly  t o  accommo-
%
d a t e  a  n o n - s w e l l i n g  a n io n  o f  volum e a b o u t  550 A^. A n io ns
X Darmon and R u d a l l  (1950) fo u n d  t h a t  t h e  c h a in s  i n  
l o b s t e r  te n d o n s  a r e  v e r y  h i g h l y  o r i e n t e d  ( t h e i r  
i t a l i c s ) .
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h a v in g  h i g h  a f f i n i t y ,  by v i r t u e  o f  t h e i r  l a r g e r  s i z e  and 
c o n j u g a t i o n ,  a r e  how ever a b l e  t o  s w e l l  t h e  s u b s t r a t e ,  so 
t h a t  i t  can  th e n  a p p a r e n t l y  accommodate a n io n s  a s  l a r g e  
a s  1000 o r  p e r h a p s  ev en  l a r g e r .
The c u rv e s  f o r  t h e  t h r e e  a l i p h a t i c  a c i d s  and p i c r i c  
a c i d  h av e  n o t  a t t a i n e d  a  maximum a t  t h e  lo w e s t  £H v a l u e s  
t e s t e d  ( c a .  £H 2 . 0 ) ,  w h e re a s  t h o s e  o f  t h e  a r o m a t i c  a c i d s  
do r e a c h  a  maximum, and i t  a p p e a r s  t h a t  a t  low  £H v a l u e s  
t h e  m o l e c u l a r  s i e v e  a c t i o n  o f  t h e  s u b s t r a t e  becom es 
e s p e c i a l l y  m ark ed .
H ydrogen B o n d in g : -
The weak a c i d s  do n o t  a p p e a r  t o  h ave  i n c r e a s e d  a f f i n ­
i t y  f o r  c h i t i n  a s  t h e y  d o , by v i r t u e  o f  t h e  h y d ro g e n -b o n d  
a d s o r p t i o n  o f  t h e i r  u n d i s s o c i a t e d  m o l e c u l e s ,  f o r  w o o l.
Nor i s  t h e r e  any e v id e n c e  i n  t h e  p r e s e n t  t e s t s  o f  i n c r e a s e d  
a f f i n i t y  f o r  c h i t i n  ca u se d  e i t h e r  by th e  p r e s e n c e  o f  t h e  
a m in o -g ro u p  i n  a n i l i n e - 2 : 5 - d i s u l p h o n i c  a c i d  o r  by t h e  
s t r o n g l y  h y d ro g e n -b o n d in g  p h e n o l i c  groupr i n  G -a c id .
T hese  t e s t s  w e re ,  h o w ev er , made u n d e r  a c i d  c o n d i t i o n s ,  
w here  h y d ro g e n -b o n d in g  by t h e  c h i t i n  i s  l e a s t  l i k e l y  to  
o c c u r  f o r  t h e  f o l l o w i n g  r e a s o n .  C h i t i n  i n  p r e s e n c e  o f  
w a te r  p r o b a b ly  fo rm s  h y d ro g e n  bonds by  e l e c t r o n - d o n a t i o n  
by i t s  n i t r o g e h  a tom , a  l a r g e  p r o p o r t i o n  o f  i t s  c a rb o n y l  
oxygen a tom s b e in g  c h e l a t e d ,  e a c h  w i t h  one h y d ro x y -g ro u p .
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and  t h e  r e m a in in g  h y d ro x y -g ro u p s  b e in g  s t r o n g l y  s o l v a t e d  
(A r s h id ,  G i l e s  jat a l . ,  1956 (.)•  U nder a c i d  c o n d i t i o n s  
t h e  a m in o - n i t r o g e n  atom  a c c e p t s  a  h y d ro g e n  i o n  t h u s  l o s i n g  
i t s  e l e c t r o n - d o n a t i n g  pow er, so t h a t  no h y d ro g e n -b o n d in g  
s i t e s  r e m a in .  I t  w i l l  be  shown l a t e r  t h a t  t h e  a p p a r e n t  
h e a t  o f  a d s o r p t i o n  o f  c e r t a i n  a z o -d y e s  i s  a  l i t t l e  more 
u n d e r  n e u t r a l  c o n d i t i o n s  t h a n  u n d e r  a c i d  c o n d i t i o n s ,  and 
t h i s  may be  e v id e n c e  o f  h y d ro g e n -b o n d in g  (F ig .  11 i n s e r t ) .
A d s o r p t io n  o f  A z o -d y e s : -
U s in g  m ethod a  , f o u r  d y es  w ere exam ined ( F i g . 8 ) ,  
and t h e  r e s u l t s  show c l e a r l y  t h a t  t h e  a p p a r e n t  a f f i n i t y  
r i s e s  m ark e d ly  w i t h  t h e  s i z e  o f  t h e  a r o m a t i c  p o r t i o n  o f  
t h e  m o le c u le ,  w h ich  i s  e v id e n c e  o f  n o n - p o l a r  a t t r a c t i o n  
b e tw e e n  dye and c h i t i n .  O ver t h e  r a n g e  o f  £H v a l u e s  
u s e d  t h e r e  i s  no  e v id e n c e  t h a t  t h e  f r e e  h y d ro x y -g ro u p  i n  
O range I  c o n t r i b u t e s  t o  i t s  a f f i n i t y .  In d e e d  t h i s  dye 
h a s  somewhat lo w e r  a f f i n i t y  th a n  i t s  a n a lo g u e ,  O range I I ;  
p e r h a p s  t h e  0; - h y d r o x y a z o - c h e la te  r i n g  i n  t h e  l a t t e r  r a i s e s  
t h e  a f f i n i t y  a  l i t t l e  by i n c r e a s i n g  th e  p l a n a r  a r e a  o f  t h e  
m o le c u le .
The m ethod  b i s o t h e r m s  a l l  have  c e r t a i n  c h a r a c t e r i s ­
t i c s  v i z :  a  maximum l y i n g  b e tw e en  £H 4*7 and  1 .8 ,  t h e
c u rv e  f a l l i n g  on e i t h e r  s i d e  o f  t h i s  ( P i g . 9 and 1 0 ) .
T h is  maximum m ust r e p r e s e n t  a d s o r p t i o n  a t  t h e  a c e ty la m id o -
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g r o u p s ,  and t h e  f a l l  i n  a d s o r p t i o n  when t h e  a c i d i t y  i s  
i n c r e a s e d  beyond  t h i s  p o i n t  m ust be  due t o  c o m p e t i t i o n  
by t h e  a n io n  o f  t h e  added  s u lp h o n io  a c i d  o r  t h e  rem o v a l 
o f  t h e  a c e ta m id o - g ro u p s  by a c i d  h y d r o l y s i s ,  w i t h  a  r e s u l ­
t a n t  f a l l  i n  c a t i o n i c  s i t e s .  A s i m i l a r  phenom enon i s  
o b s e rv e d  i n  t h e  a d s o r p t i o n  o f  some a n i o n i c  d y es  on wool 
( V i c k e r s t a f f ,  1 9 5 4 ) .  B e s id e s  t h i s  p r i n c i p a l  maximum, 
e a c h  c u rv e  h a s  a  r a t h e r  p o o r l y  d e f in e d  s u b s i d i a r y  maximum 
l y i n g  i n  t h e  r e g i o n  b e tw e en  £H 6 and 4 ,  w h ich  i s  a t t r i b u t ­
ed t o  a d s o r p t i o n  a t  t h e  f r e e  a m in o -g ro u p s .
E f f e c t  o f  S t r u c t u r a l  C hanges on Dye A f f i n i t y
A q u a l i t a t i v e  c o m p a r iso n  o f  a f f i n i t i e s  o f  th e  d y es  
s t u d i e d  d u r i n g  t h e  p r e s e n t  work (P ig .  "9 ) t o g e t h e r  w i th  
t h o s e  u s e d  by S u b ram an ian  (P ig .to )  was made by e s t i m a t i n g  
t h e  vo lum es  o f  dye a n io n  a d s o rb e d  (m ethod b )  a t  a  £H 
v a l u e  ( 5 .0 )  a t  w h ich  b o th  c o m p e t i t i o n  f ro m  s u l p h a t e  i o n s  
and l o s s  o f  a c e ty la m id o -  ( o r  a m in o - ) g ro u p s  by h y d r o l y s i s  
can  be  d i s r e g a r d e d .  The r e s u l t s  a r e  shown i n  T a b le  1 and 
a  summary a r r a n g e d  t o  i l l u s t r a t e  t h e  r e l a t i o n s h i p  b e tw e en  
c o n s t i t u t i o n  and a f f i n i t y  i s  g iv e n  i n  T a b le  2 . C e r t a i n  
g e n e r a l  t e n d e n c i e s  a r e  e v i d e n t  i n  t h e s e  d a t a :  (a )  t h e
a f f i n i t y  r i s e s  m a rk e d ly  w i t h  i n c r e a s e  i n  th e  num ber o f  
b e n z en e  n u c l e i * ,  i . e . ,  w i t h  t h e  p l a n a r  a r e a  o f  t h e  a n io n .
E x c e p t  w i t h  dye VI T a b le  1, w h ich  i s  u n e x p e c t e d ly  
o u t  o f  o r d e r  i n  t h i s  a f f i n i t y  s e q u e n c e .
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T h is  a g r e e s  w i t h  th e  r e s u l t s  o f  t h e  i s o t h e r m  a  t e s t s  and 
w i t h  t h e  a d s o r p t i o n  o f  o r g a n i c  a c i d s  (h) t h e  a f f i n i t y  
f a l l s  w i t h  i n c r e a s e  i n  th e  d e g r e e  o f  s u l p h o n a t i o n  o f  t h e  
d y e * .
Thus e a c h  s u lp h o n a te  g ro u p ,  a t  l e a s t  e a c h  one a f t e r  
t h e  f i r s t ,  h a s  a  n e g a t i v e  a f f i n i t y  f o r  c h i t i n .  T h is  m ust 
mean t h a t  t h e  s e c o n d ,  and s u b s e q u e n t  s u lp h o n a te  g ro u p s  i n  
an  a n io n  a r e  n o t  l o c a t e d  a t  c a t i o n i c  s i t e s ^  ow ing t o  s t e r i c  
e f f e c t s ,  b u t  re m a in  d i s s o l v e d  i n  t h e  w a t e r ,  t h u s  t e n d i n g  
t o  d e s o rb  t h e  a n io n  from  t h e  s u b s t r a t e .  I t  i s  n o t  p e rh a p s  
s u r p r i s i n g  t h a t  t h e  c a t i o n i c  s i t e s  a r e  n o t  c o r r e c t l y  sp ac ed  
t o  accommodate e a c h  a n i o n i c  g rou p  i n  a  p o l y - b a s i c  a n io n .
I n  a n o d ic  a lu m in a ,  h o w ev e r , w here t h e  s i t e s  (a lu m in iu m  
a to m s )  f o r  a t t a c h m e n t  o f  s u lp h o n a te  g ro u p s  a r e  c l o s e l y  
p a c k e d ,  e a ch  su c h  g roup  i n  p o l y - b a s i c  d y es  d o es  com bine 
w i t h  t h e  s u b s t r a t e ,  and w hat may be te rm e d  t h e  " p a r t i a l  
a f f i n i t i e s "  o f  t h e  g ro u p s  a r e  a d d i t i v e  ( S t e w a r t ,  1 9 5 6 ) .
The p o s s i b i l i t y  m ust o f  c o u r s e  be  c o n s i d e r e d ,  t h a t  
e v e n  a  s i n g l e  s u lp h o n a te  g ro u p  h a s  n e g a t i v e  a f f i n i t y ,  i . e . ,  
t h a t  t h e  a n io n s  a r e  n o t  l o c a t e d  a t  c a t i o n i c  s i t e s  a t  a l l ,  
b u t  a r e  a d s o rb e d  e n t i r e l y  by  n o n - p o l a r  a t t r a c t i o n ,  t h e  
p r e s e n c e  o f  t h e  s u lp h o n a t e  g roup  m e re ly  e n a b l i n g  t h e  com­
pound t o  d i s s o l v e  i n  w a te r  and e n t e r  t h e  f i b r e .  T h is
X On wool t h e  i n t r o d u c t i o n  o f  a  sec o n d  s u lp h o n a te
g ro u p  i n t o  a  mono s u lp h o n a te  d dye a l s o  d e c r e a s e s  t h e
a f f i n i t y  ( V i c k e r s t a f f ,  1954; G i l b e r t ,  1 9 4 4 ) .
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how ever seem s u n l i k e l y ,  b e c a u s e  i f  i t  w ere  s o ,  c e l l u l o s e ,  
w h ich  h a s  no c a t i o n i c  c e n t r e s ,  w ould  a d s o rb  t h e s e  s im p le  
m o n o azo -d y e8 a s  r e a d i l y  a s  c h i t i n  d o e s ,  w h ich  i s  n o t  t h e  
c a s e .
The i n t r o d u c t i o n  o f  a  £ - h y d ro x y -g ro u p  i n t o  a z o b e n z -  
ene s u l p h o n ic  a c i d  r a i s e s  t h e  a f f i n i t y  and t h e  a p p a r e n t  
h e a t  o f  a d s o r p t i o n  (T a b le  3)* I t  i s  n o t  c l e a r  w h e th e r  
t h i s  i s  due t o  h y d ro g e n  b o n d in g  by t h e  h y d ro x y -g ro u p  o r  
t o  s t r o n g e r  n o n - p o l a r  a t t r a c t i o n  f o l l o w i n g  t h e  i n c r e a s e  
i n  c o n j u g a t i o n  o f  t h e  m o le c u le .
Among d y es  w i th  t h e  same num ber o f  s u lp h o n a t e  g ro u p s ,  
t h e  a f f i n i t y  i s  h i g h e r  when one com ponent o f  t h e  dye i s  
u n s u lp h o n a te d  t h a n  when b o th  a r e  s u lp h o n a te d  ( c f .  V II  and 
V I I I  w i t h  V and VI (T a b le  1 ) ) .  T h is  i s  no  d o u b t  t h e  
r e s u l t  o f  a  more r e a d y  f o r m a t i o n  o f  a  co n d en sed  m o n o la y e r  
o f  d y e ,  by i n t e r m o l e c u l a r  a t t r a c t i o n  when t h e r e  a r e  l a r g e  
p l a n a r  u n s u lp h o n a te d  a r o m a t i c  n u c l e i .
T h e re  i s  a  g e n e r a l  t e n d e n c y  f o r  t h e  £H o f  maximum 
a d s o r p t i o n  to  f a l l  w i t h  i n c r e a s e  i n  d e g re e  o f  s u l p h o n a t i o n  
o r  w i th  d e c r e a s e  i n  a n i o n i c  s i z e .  The lo w e r  i s  t h e  £H 
a t  w h ich  maximum a d s o r p t i o n  i s  r e a c h e d  t h e  h i g h e r  i s  t h a t  
a d s o r p t i o n  ( s e e  T ab le  4 ) .  T h is  i s  a  r e s u l t  o f  t h e  
i n c r e a s e  i n  num ber o f  c a t i o n i c  s i t e s  w i t h  i n c r e a s e  i n  
a c i d i t y .  I t s  e f f e c t  i s  s e e n  i n  a  r e v e r s e  m anner i n  t h e  
d a t a  f o r  m o n o su lp h o n a te s  (T a b le  1 ) ,  w h ich  th o u g h  h a v in g
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h i g h e s t  a f f i n i t y ,  r e a c h  o n ly  low  s a t u r a t i o n  v a l u e s  a t  
t h e i r  optimum  £H b e c a u s e  t h i s  o c c u r s  i n  r e g i o n s  o f  low  
a c t i v i t y .
A n io n ic  A d s o r p t io n  on C h i t i n  C o n s id e re d  a s  an  
I o n -e x c h a n g e  M echanism .
The a d s o r p t i o n  o f  a c i d s  and  s u lp h o n a te d  d y e s  by 
c h i t i n  may be  c o n s id e r e d  a s  an  io n -e x c h a n g e  p r o c e s s  a t  
c a t i o n i c  s i t e s .  Thus f o r  a d s o r p t i o n  o f  dye i n  p r e s e n c e  
o f  s u l p h u r i c  a c i d  t h e  f o l l o w i n g  r e a c t i o n  s e q u e n c e  may be 
f o r m u l a t e d  2-
+ + 
(Ch.NHg.CO.CH^) ( iS O ^)“* + Na 3)y----- > (Oh.NH^. CO. CH  ^)
])y + iNagSO^
(Oh = c h i t i n  r e s i d u e ,  Dy = dye a n io n )
L i t t l e  a p p e a r s  t o  be known r e g a r d i n g  h e a t  ch an g es  i n  
io n - e x c h a n g e  a d s o r p t i o n  m ech an ism s , b u t  i n  t h e  f o u r  t y p e s  
o f  s u c h  a d s o r p t i o n  f o r  w h ich  d a t a  a r e  a v a i l a b l e ,  i . e . ,  
s u l p h a t e  e s t e r s  on Y -a lu m in a  ( G i l e s ,  M ehta , a t  a l . ,  1 9 5 4 ) ,  
b a s i c  d y es  on s i l i c a ,  J a i n  (1 9 5 6 ) ,  and on g r a p h i t e ,  
lÊ acau lay  (1 9 5 1 ) ,  and some a d s o r p t i o n  on r e s i n s  (q u o te d  by 
G i l e s ,  M ehta e t  a l ) t h e r e  i s  a  v e r y  low  a p p a r e n t  h e a t  o f  
a d s o r p t i o n .  I t  w i l l  a l s o  be  s e e n  ( P i g . 7 and 11 T a b le  3) 
t h a t  t h e  m ono azo -d yes  h ave  v e r y  low  a p p a r e n t  h e a t s  o f  
a d s o r p t i o n ,  t h e i r  i s o t h e r m s  show ing  a lm o s t  no  change w i t h
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change  i n  t e m p e r a t u r e ,  w h ich  i s  t h u s  c o n s i s t e n t  w i th  
i  o n -e x c h a n g e * -
The f i r s t  a d s o r p t i o n  o f  h y d r o c h l o r i c  a c i d  (40 m .m o le /  
k g . ) fro m  w a te r  by wool a t  25^ , h a s  b e e n  fo u n d  by D erby­
s h i r e  and P e t e r s  (1 9 5 5 ) ,  by d i r e c t  c o l o r i m e t r i c  m ea su re ­
m e n t ,  t o  o c c u r  w i t h  n e g l i g i b l e  h e a t  e v o l u t i o n .  They 
a s c r i b e  t h e  r e a c t i o n  t o  b a c k  t i t r a t i o n  o f  f r e e  c a r b o x y l a t e  
i o n  s i t e s ,  w h ich  a r e  p r e s e n t  i n  smeü.1 am ount accom pan ied  
by a  c o r r e s p o n d in g  q u a n t i t y  o f  f r e e  c a t i o n i c  h i s t i d i n e  
g ro u p s ,  w i th  w h ich  t h e  c h l o r i d e  i o n  w i l l  t h e n  become 
a s s o c i a t e d ,  p re su m a b ly  a l s o  w i th  n e g l i g i b l e  h e a t  e v o l u t i o n .  
W ith  i n c r e a s e  i n  u p t a k e  o f  a c i d  beyond  t h i s  amount t h e  h e a t  
change i s  c o n s t a n t  a t  a b o u t  - 2 . 8  k c a l /m o le  o f  a c id  bound , 
a t t r i b u t e d  t o  b reakdow n o f  a m in o - c a r b o x y l i c  a c i d  s a l t  l i n k s  
i n  th e  p r o t e i n  by b a c k  t i t r a t i o n  o f  t h e  c a r b o x y l a t e  g ro u p s  
f o l l o w i n g  a d s o r p t i o n  o f  h y d ro g e n  i o n s .
The a p p a r e n t  h e a t s  o f  a d s o r p t i o n  o f  t h e  d i s u lp h o n a t e d  
d i r e c t  c o t t o n  d y es  on c h i t i n  i n  n e u t r a l  s o l u t i o n ,  how ev er , 
a r e  q u i t e  a p p r e c i a b l e  (T a b le  3 ) ,  h a v in g  v a l u e s  o f  a b o u t  
9 .0  k c a l /m o le  ( c a l c u l a t e d  i n  t h e  u s u a l  m anner from  t h e  d a t a  
o f  P i g . 7 ) .  A p p a re n t  h e a t s  o f  a d s o r p t i o n  o f  t h e  a n io n s  o f  
d y es  and  o r g a n ic  a c i d s  by wool a r e  a l s o  q u i t e  a p p r e c i a b l y  
l a r g e r  t h a n  t h e  v a l u e  f o r  h y d r o c h l o r i c  a c i d ,  f i g u r e s  b e tw een
X D e r b y s h i r e  and M a r s h a l l  l o c . c i t . s u g g e s t  t h a t  t h e  low
h e a t  v a lu e  ( f o r  O range I I  on wool may b e  a  r e s u l t  o f
t h e  l a r g e  h e a t  o f  d i l u t i o n  o f  t h e  d y e .
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- 3  and -11  k c a l /m o le  b e i n g  g iv e n  i n  t h e  few  r e c o r d e d  c a s e s  
( V i c k e r s t a f f  (1 9 5 4 ) ;  S t e i n h a r d t ,  P u g i t t ,  and  H a r r i s  (1 9 4 1 ) ;  
P e t e r s  and  L i s t e r  (1 9 5 6 ) ;  D e r b y s h i r e  (1 9 5 5 ) ;  D e r b y s h i r e  
and M a r s h a l l  ( 1 9 5 4 ) ) .  I n  a l l  t h e s e  c a s e s ,  t h e r e f o r e ,  t h e  
i n f e r e n c e  i s  t h a t  t h e  h e a t  change r e p r e s e n t s  some r e a c t i o n ,  
i n  a d d i t i o n  t o  i o n - e x c h a n g e ,  t a k i n g  p l a c e  b e tw e e n  t h e  a n io n  
and t h e  s u b s t r a t e .  T h is  r e a c t i o n  c o u ld  be  e i t h e r  p o l a r  o r  
n o n - p o l a r  i n  n a t u r e ,  and  a  n o n - p o l a r  r e a c t i o n  b e tw een  t h e  
m o le c u l a r  c h a in  o f  c h i t i n ,  and th e  p l a n a r  h i g h l y  c o n ju g a te d  
a n io n s  o f  t h e  dy es  i s  h i g h l y  p r o b a b l e .  S i m i l a r  a t t r a c t i o n  
i s  b e l i e v e d  t o  b e  r e s p o n s i b l e  f o r  a d s o r p t i o n ,  from  w a t e r ,  
o f  t h e  same ty p e  o f  d y e s  by  c e l l u l o s e .  ( G i l e s , J a i n  and 
H assan , 1955) f o r  w h ich  a p p a r e n t  h e a t s  o f  a d s o r p t i o n  b e tw e en  
a b o u t  - 1 0  and -3 0  k c a l /m o le  a r e  r e p o r t e d  (M a r s h a l l  and 
P e t e r s ,  R .H . , 1 9 4 7 ) .
The a p p a r e n t  h e a t  v a l u e s  become l e s s  i n  m ag n itu d e  w i th  
i n c r e a s e  i n  a c i d i t y  o f  t h e  s o l u t i o n  ( P i g . 11 and  T a b le  3)*
The r e a s o n  f o r  t h i s  i s  n o t  v e r y  c l e a r  and i t  may b e ,  a s  
m e n t io n e d  b e f o r e ,  t h a t  t h e  amino n i t r o g e n  atom  a c c e p t s  
h y d ro g e n  i o n s  u n d e r  a c id  c o n d i t i o n s  t h u s  l o s i n g  i t s  e l e c t r o n  
d o n a t in g  pow er.
Hackman (1955) h a s  s t u d i e d  t h e  a d s o r p t i o n  o f  w a t e r -  
s o l u b l e  p r o t e i n s  by c h i t i n .  The a d s o r p t i o n  i s  n i l  on t h e  
a l k a l i n e  s i d e  o f  £H 9 and r i s e s  s t e a d i l y  t o  a  maximum a t  
a b o u t  £H 5. T e m p e ra tu re  change h a s  v e r y  l i t t l e  e f f e c t  on
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t h e  a d s o r p t i o n ,  w h ich  t h u s  a p p e a r s  t o  r e s e m b le  t h e  i o n -  
ex c h an g e  a d s o r p t i o n  o f  t h e  s m a l l e r  a z o - d y e s .
A p p a re n t  H eat o f  A d s o r p t io n  o f  P h e n o l .
The a p p a r e n t  h e a t  o f  a d s o r p t i o n  d a t a  (T a b le  9) show 
t h a t  t h e  p h e n o l - c h i t i n  bond i s  s t r o n g e r  t h a n  t h e  -O H .. .E O -  
bond b e tw e e n  p h e n o l  and c e t y l  a l c o h o l .  I t  i s  i n  f a c t  
c o m p a ra b le  i n  s t r e n g t h  w i t h  bo nds  form ed by p h e n o l  w i t h  
w ool and n y lo n ,  w h ich  a r e  b e l i e v e d  t o  be -NH -  C -  b o n d s ."“KID
T h is  a g r e e s  w i t h  t h e  d e d u c t i o n  made f ro m  a  s tu d y  o f  
h y d ro g e n -b o n d in g  p r o p e r t i e s  o f  N - a c e ty l g l u c o s a m i n e , t h a t  
i n  c h i t i n  i n  aqueous  s o l u t i o n s  t h e  h y d ro x y -g ro u p s  a r e  
p r o t e c t e d  by w a te r  and h y d ro g e n -b o n d in g  i s  m ost l i k e l y  t o  
t a k e  p3.ace a t  t h e  a c e t y l  amino g ro u p .  The bond w i th  
p h e n o l  would t h u s  be - C - N H - C O -  CH^
HO CD
The a p p a r e n t  h e a t  o f  a d s o r p t i o n  was c a l c u l a t e d  i n  t h e  
u s u a l  m anner from  t h e  i s o th e r m s  by  t h e  C la u s iu s - C la p e y r o n  
e q u a t i o n  -
R T^ Tg 0 -,
H = ........... I n  —
® -  Tg °2
w here  0^ , Og a r e  t h e  r e s p e c t i v e  c o n c e n t r a t i o n s  o f  th e
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b a t h s  a t  e q u i l i b r i u m  a t  two t e m p e r a tu r e s  , Tg w i t h  t h e  
same c o n c e n t r a t i o n  i n  t h e  f i b r e .
A p p ea ran ce  o f  dyed C h i t i n  u n d e r  t h e  M ic ro s c o p e ; -
Prom m ic r o s c o p ic  i n v e s t i g a t i o n s  i t  was fo u n d  t h a t  dyes  
do n o t  s t a i n  t h e  i n t e r i o r  o f  t h e  raw  s h e l l  s u b s t a n c e  a t  
a l l ,  ev en  a f t e r  t r e a t m e n t  f o r  24 h r .  a t  50° i n  a c i d  s o l u ­
t i o n s .  When a  m ic r o s c o p ic  e x a m in a t io n  i s  made o f  t h e  s h e l l ,  
a f t e r  im m e rs io n  i n  t h e  dye s o l u t i o n ,  a  t h i n  dyed l a y e r ,  
p re su m a b ly  o f  p r o t e i n ,  i s  s e e n  on t h e  i n n e r  s u r f a c e  and an 
a lm o s t  r e g u l a r  p a t t e r n  o f  m in u te  ro u n d  h o l e s  c o n t a i n i n g  a  
s t a i n a b l e  s u b s t a n c e ,  a l s o  p re su m a b ly  p r o t e i n ,  i s  s e e n  
c o v e r in g  t h e  w hole o u t e r  s u r f a c e .  When t h e  p r o t e i n  and 
m in e r a l  m a t t e r  have  b e e n  rem oved , t h e  dye a p p e a r s  t o  
p e n e t r a t e  t h e  w hole  o f  t h e  s h e l l  s u b s t a n c e  f a i r l y  e v e n ly .
•*41 “ •
OONCLUSIOITS
The f o l l o w i n g  g e n e r a l  c o n c lu s i o n s  may be drawn
( i )  C h i t i n  i s  h i g h l y  c r y s t a l l i n e  (a b o u t  90?S). I t  a p p e a r s
t o  c o n t a i n  a b o u t  one r e s i d u e  o f  g lu c o sa m in e  t o  e v e ry
e i g h t  o f  N - a c e ty lg lu c o s a m in e ,  and a l s o  a  h ig h  p r o p o r t i o n  
( a b o u t  5^ by w e ig h t )  o f  v e r y  f i r m l y  bound w a te r  l o c a t e d  i n  
t h e  c r y s t a l l i n e  s t r u c t u r e .
( i i )  7/hen c h i t i n  i s  p l a c e d  i n  an  a c id  s o l u t i o n ,  a d s o r p t i o n  
o f  h y d ro g e n  io n s  t a k e s  p l a c e  a t  t h e  a c e ty la m id o -  (and
a m in o -)  g ro u p s ,  and t h e  accom p any ing  a n io n s  a r e  t h e n  t a k e n  
up  a t  t h e  c a t i o n i c  s i t e s  so fo rm e d .
( i i i )  The a s s o c i a t i o n  o f  h y d ro g e n  i o n s  w i th  t h e  a c e ta m id o -
g ro u p s  c a u s e s  t h e  i n t e r c h a i n  h y d ro g e n  bonds b e tw een
them  to  be b ro k e n ;  t h i s  a l lo w s  w a te r  t o  e n t e r  and to  become 
a d s o rb e d  a t  t h e s e  and a t  h y d r o x y - g r o u p s , t h u s  s w e l l i n g  t h e  
s u b s t r a t e .
( i v )  The s w e l l i n g  p r o c e s s  i s  l i m i t e d ,  how ever, f i r s t  by t h e  
£H o f  t h e  e x t e r n a l  s o l u t i o n ,  w h ich  d e te r m in e s  t h e  
maximum num ber o f  a c e t a m id o -g ro u p s  w h ich  c o u ld  become 
c h a r g e d ,  and s e c o n d ly  by t h e  s i z e  o f  t h e  a n io n .  The l a t t e r  
d e t e r m i n e s  t h e  p r o p o r t i o n  o f  t h e s e  g ro u p s  t h a t  i s  a c t u a l l y  
c h a r g e d ,  b e c a u s e  a  g roup  can  oMlj  a d s o rb  a h y d ro g e n  i o n  i f  
t h e  a n io n  can  accom pany i t  t o  p r e s e r v e  e l e c t r i c a l  n e u t r a l i t y .
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and  i t s  a b i l i t y  t o  accompany t h e  h y d ro g e n  io n  i s  l i m i t e d  by 
t h e  h i g h l y  c r y s t a l l i n e  c h a r a c t e r  o f  t h e  s u b s t r a t e .  The 
s u b s t r a t e  a c t s  a s  a  m o le c u l a r  s i e v e ;  t h e  l a r g e r  i s  t h e  
a n io n  t h e  s m a l l e r  i s  t h e  amount w h ich  can  e n t e r ,  and so  t h e  
s m a l l e r  i s  th e  q u a n t i t y  o f  t h e  a c id  w h ich  can  be a d s o rb e d  
a t  any  g iv e n  £H. Only t h e  s m a l l e s t  m i n e r a l  a c i d s  a r e  a b l e  
t o  p e n e t r a t e  t h e  w hole s t r u c t u r e .
(v ) Y et a n o t h e r  f a c t o r ,  h ow ever, i n f l u e n c e s  t h e  am ount o f  
an  o r g a n i c  a c id  a d s o r b e d ,  v i z .  t h e  p l a n a r  a r e a  o f  t h e
a r o m a t i c  n u c l e i  o f  i t s  a n io n ;  f o r  w i th  i n c r e a s e  i n  t h i s  
a r e a ,  t h e  a n io n  a c q u i r e s  enhanced  pow ers  o f  p e n e t r a t i o n  by 
v i r t u e  o f  a  r i s e  i n  i t s  n o n - p o l a r  a t t r a c t i o n  f o r  t h e  sub ­
s t r a t e .
( v i )  A d s o r p t io n  o f  a n i o n i c  d y es  by c h i t i n  a p p e a r s  t o  t a k e  
p l a c e  t h r o u g h  a  m echanism  s i m i l a r  t o  t h a t  a p p l y i n g  t o
o r g a n ic  a c i d s  b u t  v a n  d e r  W aals a t t r a c t i v e  f o r c e s  seem t o  
p l a y  a  more i m p o r t a n t  p a r t ,  b e c a u s e  o f  t h e i r  l a r g e r  s i z e d  
m o le c u le s  and t h e  i n c r e a s e  i n  s i z e  o f  t h e i r  c o n ju g a te  
s y s te m . The a p p a r e n t  h e a t  o f  a d s o r p t i o n  i s  l a r g e l y  due t o  
t h e  n o n - p o l a r  a t t r a c t i o n  p r o c e s s ;  i t  i s  v e r y  s m a l l  f o r  
s m a l l  a n i o n s ,  b u t  becomes a p p r e c i a b l e  w i th  l a r g e  a n io n s  e . g .  
t h o s e  o f  d i r e c t  c o t t o n  d y e s .  The p o s s i b l e  r o l e  o f  h y d ro g e n  
bonds  i n  i n c r e a s i n g  t h e  a f f i n i t y  o f  d y es  i s  n o t  c l e a r l y  
r e v e a l e d  by t h e  p r e s e n t  w ork .
( v i i )  The io n - e x c h a n g e  p r o c e s s  o p e r a t e s  o n ly  w i th  one
- 4 5 -
s u lp h o n a te  g ro u p  i n  t h e  d y e ;  i f  more t h a n  one a r e  p r e s e n t ,  
t h e  o t h e r s  a p p e a r  t o  re m a in  d i s s o l v e d  i n  t h e  a q u e o u s  p h a s e ,  
p re su m a b ly  b e c a u s e  t h e y  a r e  p r e v e n te d  by s t e r i c  h i n d r a n c e  
f ro m  a p p r o a c h in g  o t h e r  c a t i o n i c  c e n t r e s .  The v e r y  h ig h  
c r y s t a l l i n i t y  o f  c h i t i n  s e v e r e l y  l i m i t s  t h e  t o t a l  amount 
o f  any  dye w h ich  can  p o s s i b l y  be t a k e n  u p .
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TABLE 1.
A dsorption o f Azo-dyes By C hitin
a r s t  S - f f i â  ( m i S i v  & /  A > .^0 »
____________________________________________  K g .)______________ K g . ) / _________
Mono s u lp h o n a te  3
I  S u l p h a n i l i c  2-Nap h t  h o i  700 165 4 .0  95 41
a c i d
I I  W N a p h th y l-  do 750 165 4 .2  125 57
a m in e -4 -
s n l p h o n i c
a c i d
I I I  A zohenzene 500 -  5*8 14 4 .5
s u l  p h o n ic
a c i d
IV 4 -H y d ro x y - 550 120 4 .2  26 8 .5
azo D en zen e -
4 - s u l p h o n i c
a c i d
P i s t i lp h o n a t  e s
V S u l p h a n i l i o  2 -N a p h th o l-  850  185 5 .5  40 21
a c id  6 - s u lp h o n i c
a c id
VI 1 -N a p h th y l -  do 950 550 2 .5  25 15
a m in e - 4-
s u lp h o n ic
a c i d
V II A n i l i n e  2 -N a p h th o l -  900 550 5 .8  55 29
5 : 6 - d i s u l -  
p h o n ic  a c id
V I I I  1 -N a p h th y l -  do 900 595 2 .6  70 58
am ine
IX '^t'^-D±axi±B±- 1 -N a p h th o l-  1400 520 2 .4  78 67
d in e  4 - s u l p h o n i c
a c id
TABLE 1 (Cont*d.)
T r i s i i l p h o n a t e s
X A n i l i n e - 2 s 5 -  2 - N a p h th o l -  800 515 5 .0  20 9 -7
d i  s u lp h o n i  c 6 - s u lp h o n i  c
a c i d  a c id
XI S u l p h a n i l i c  2 -N a p h th o l -  1000 245 2 .6  53 20
a c i d  5 : 6 - d i  s u l ­
p h o n i  c a c id
X II  1 - N a p h th y l -  do 1000 460 (? )  2 .6  58 55
a m in é -4 - s u l ­
p h o n i  c a c i d
T e t  r a s u l p h o n a t  e s
X I I I  A n i l i n e - 2 : 5 -  do 950 200 2 .4  17 10
d i s u l p h o n i e
a c i d
XIV 2 -N a p h th y l -  do 1250 550 1 .8  51 24
5 : 6 - d i  s u l ­
p h o n i  c a c id
( « )  Erom m ethod £  i s o t h e r m s .
( / )  From m ethod b i s o t h e r m s .
R e l a t i o n
TABLE 2. 
b e tw een  Dye S t r u c t u r e  and Volume o f
Dye A n ions  A d so rb ed  by C h i t i n  a t pH = 5 .0
(Method b )
Volume A dsorbed  (A^ x 1 0 ( pe r k g . )
Number o f  
B enzene n u c l e i
Number o f  s u lp h o n a te  g ro u p s
One Two T h re e F o u r
Two 4 .5  f 8 .5 - —
T hree 41 21 , 29** 10 , 20 10
F o u r 57 (1 5 ) ,  58 35 24
S ix 67
3EX F i r s t  com ponent u n s u lp h o n a te d .
TABLE 3 .
A pparent H eats o f  A d so rp tio n  ( -  A  H app ) o f  A z o -d y e s .
on C h it in .*
p H - A H  a p p ( ^  c a l /m o le )
4 -H y d ro x y azo b e n zen e -  
4 ' - s u l p h o n i c  a c i d
5*5 0 .5
do n e u t r a l 1 .5
Congo Red (C .1 .5 7 0 ) n e u t r a l 9 .0
C h lo r a z o l  A z u r in e  C 
( C . I .5 0 2 )
n e u t r a l 9 .0
T e t r a s u lp h o n a t  e d 
d i r e c t  c o t t o n  dye
2 .0 1 .5
( I . e . I . )
X M easured  a t  an  e q u i l i b r i u m  c o n c e n t r a t i o n  (on t h e  
s u b s t r a t e )  o f  40 m .m o le /K g . , tem p. 5 0 -6 0 ^ .
TABLE 4 »
R e l a t i o n s h i p  B etw een £H and Mean Maximum A d s o r p t io n
o f  A zo -d y es (m ethod b i s o t h e r m )
Maximum a d s o r p t i o n  
a t  -
Mean maximum a d s o r p t i o n  
(m .e q u iv . /K g .  )
>  4 .0 155,
5 * 0 -  4 .0 275
<  5 .0 550
TABLE 5 .
E f f e c t  o f  P e p s in  H y d r o ly s i s  o f  
O h i t i n - c o n t a i n i n g  Raw M a t e r i a l .
S o u rc e I n c u b a t i o n
P e r i o d
(37"^)
0^ N i t r o g e n B i u r e t  R e a c t io n
L o b s t e r N i l 7 .3 S t r o n g ly  +ve
s h e l l 1 h r . 7 .5 +ve
l i n i n g 2 h r . 6 .9 - v e
5 h r . 6 .8 - v e
3 d ay s 6 .6 - v e
4 d ay s 6 .8 - v e
N ephrops 6 d ay s 7 .3 S l i g h t l y  +ve
b ro k e n 7 d ay s 7 .2 do .
s h e l l s 8 d ay s 6 .6 do .
Do. ,  F i n e l y  
g rou nd  s h e l l s
8 d ay s 6 .9 * - v e
3E A s h - f r e e  f i g u r e ;  ( s i l i c a )  a s h  c o n t e n t ,  6.
TABLE 6 .
E le m e n ta ry  A n a l y t i c a l  D a ta  on C h i t i n  S am p les .
S o u rce  T re a tm e n t
A n a l y s i s  fo 
C H N COCH,
a .  B roken  s h e l l s  o f  C la rk  and 
common l o b s t e r  S m ith
P r o c e s s
4 4 .2 7 .0 6 . 9
b .  L in in g  o f  s h e l l s  do 
o f  common l o b s t e r
4 4 .0 5 . 6 ( ? ) 6 . 7
c . B roken  s h e l l s  o f  Thor P r o c e s s  
N ephrops  n o r v é g i ­
ens
4 4 .2 6 .4 6 . 5
d . do^ do^
e .  do ( b a l l - m i l l e d )  do
4 4 .6  
4 5 .3 ^ ^
6 .5
6.7^^/
6 .7
7.1^=^
f .  d o * (n o t  m i l l e d )  P e p s in
h y d r o l y s i s
g .  do ( b a l l - m i l l e d )  do
4 3 .7  
4 4 . 2^^
6 .5
6 . 2/ / 6 . 9^ ^
1 7 .2
h .  L i n in g  o f  s h e l l s  do 
o f  common l o b s t e r
4 4 .5 6 .7 6 .5
Mean v a l u e s 4 4 .3 6 . 5** 6 . 9
M eyer and ^ T hor P r o c e s s  
W eh rli  *s p ro  d u c t  ^
4 6 .8 7 . 0 9 6 .8 5 20 . 47
S u b s ta n c e C a l c u l a t e d
P o ly - N - a c e ty lg lu c o s a m in e  ( I )
(CgHijOçN)^
4 7 .3 6 . 4 6 . 9 2 1 .2
P o ly -g lu c o s a m in e  ( c h i t o s a n ) ( I I ) 4 4 .7 6 .8 8 . 7 0
8 2 .5  p t s .  (by w e ig h t )  o f  ( I )  +
1 2 .5  p t s . ( I I )  + 5 p ts .H gO
4 4 .6 6 . 5 6 .8 1 7 .5
P o ly - g lu c o s e  ( C ^ ^ 0 ^ ) ^ 4 4 .5 6 .2 5 n i l 0
X A s h - f r e e ;  § Ash, 0 . /  P r o d u c t  a z e o t r o p i c a l l y  
d i s t i l l e d  w i th  b e n z e n e .
/ /  C o r r e c te d  f o r  a s h  c o n t e n t s  ( 7 .5 ^  and 6 .3 ^  r e s p e c t i v e l y ) .  
3E3E O m it t in g  b .
TABLE 7 .
A p p a re n t  A f f i n i t y  V a lu e s  f o r  % d r o c h l o r i c  A cid
I n  p r e s e n c e  o f
A c id a lo n e 0.1H ..ZCl (5 0 ° ) 0 .1 E .. i ra0 1 (6 0 ° ) 1.0H. N a0 1 (6 0 °)
£H e* - / £H e* -  / £H e* -  / £H e* -  /
4 .5 0 0 . 09 1 2 .2 5 .8 0 0 . 2 3 9 .3 5 .5 0 0 .0 2 9 . 0 5 .8 0 0 .2 0 7 . 9
4 .1 7 0 . 12 1 1 .5 4 .5 5 0 .4 1 8 . 0 5 .1 8 0 .2 4 8 .7 5 .2 0 0 . 3 2 7 . 5
4 .0 6 0 . 15 1 1 .5 3 .5 2 0 .6 8 7 .2 4 .6 8 0 .3 3 8 .2 4 .6 0 0 .4 6 7 . 0
3 .8 7 0 . 22 1 1 .0 4 .3 0 .4 8 8 .0 4 .1 0 0 . 6 3 6 .6
3 .5 6 0 . 36 1 0 .5 3 .6 0 0 .6 3 7 . 4 3 .5 0 0 . 7 5 6.1
3 .1 8 0 . 57 9 .9 3 .1 0 0 .7 5 7 . 0
3E C a lc ,  f o r  a n h y d ro u s  c h i t i n ;  c max. = 5*25 m o l/k g , 
/  k c a l / m o l .
TABLE 8 .
A dsorption o f A cids by Unground C hitin
A cid
A pprox . v o l .  
o f  a n io n ^
(a5)
Amount a d s o rb e d  
(m m oles/Zg. )
£H 3 .0 £H 4 .5
H y d r o c h lo r ic 30 450
F o rm ic 55 385
A c e t i c 90 255
C h l o r o a c e t i c 95 320
S u l p h u r i c 110 150
P i c r i c 210 235 85
B enzene s u l p h u r i c 260 200 100
A n i l i n e - 2 : 5 - d i s u l p h o n i c 390 100 55
N a p h th a le n e - 2 - s u lp h o n i  c 400 195
2 - N a p h th o l - 6 : 8 - d i  s u lp h o n i  c 
(G—a c i d )
570 105 50
3E (Volume o f  e n c l o s i n g  r e c t a n g u l a r  b o x ) .
TABLE 9 .
A p p a re n t  H e a ts  o f  A d s o r p t io n  ( -  AH app ) o f  P h e n o l  f ro m  W a te r .
S u b s t r a t e Temp.
ra n g e
^Sb -  A
C e ty l  a l c o h o l 50 -  40 160 3 .5
C h i t i n 50 -  60 500 5 .5
N ylon 30 -  50 500 4 .5
Wool 30 -  50 500 4 .0
1  - A l i 03 40 -  60 100 4
400 4 .5
Cgb -  e q u i l i b r i u m c o n c e n t r a t i o n i n  t h e s u b s t r a t e
(m .m o le s /k g .  )
Hg^  = a p p a r e n t  h e a t  o f  a d s o r p t i o n  ( k c a l . / m o l e .  )
/  = The c o n v e n t io n  f o l lo w e d  h e r e  i s  t h a t  a  n e g a t i v e
v a l u e  f o r  H^ r e p r e s e n t s  an  e x o th e rm ic  
a d s o r p t i o n  p r o c e s s .
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PART I I
COMPARISON OF ADSORPTION MECHANISMS
ON CELLULOSE AND CHITIN
—44—
INTRODUCTION
P u re  c e l l u l o s e  i s  a  c a r b o h y d r a te  and  may be h y d r o ly s e d  
a lm o s t  q u a n t i t a t i v e l y  t o  g l u c o s e .  C e l l u l o s e  i s  now r e c o g ­
n i s e d  t o  b e  b u i l t  up  o f  B -g lu c o s e  u n i t s  j o i n e d  t o g e t h e r  by 
e t h e r  l i n k a g e s  i n  1:4—p o s i t i o n s  t o  fo rm  l i n e a r  m ac ro -  
m o le c u la r  c h a in s  o f  u p  to  a b o u t  2000 u n i t s  (H ow orth , 1940)
I
i n  t h e  m anner shown i n  F i g .  1. The c h a in  l e n g t h  v a r i e s  i n  
c e l l u l o s e s  o f  d i f f e r e n t  o r i g i n .  The X - ra y  e v id e n c e  o f  
M eyer and M ark, and o f  Meyer and M is oh shows t h a t  t h i s  
f i b r e ,  l i k e  o t h e r  f i b r e s ,  c o n s i s t s  o f  a  c o n t in u o u s  n e tw o rk  
o f  p o ly m er  c h a in s  w h ich  p a s s  t h r o u g h  v a r i o u s  s t a g e s  o f  
c r y s t a l l i n e  and am orphous r e g i o n s  i . e .  t h e y  may f o r  some 
p a r t  o f  t h e i r  l e n g t h  have  a  r e g u l a r  l a t e r a l  a r ra n g e m e n t  
fo rm in g  w hat a r e  known a s  c r y s t a l l i t e s  o r  m i c e l l e s ,  w h i l e  
i n  o t h e r  r e g i o n s  t h e y  may h ave  random o r  am orphous 
o r i e n t a t i o n .  One lo n g  c h a in  m o le c u le  may t h u s  fo rm  a  p a r t  
o f  two o r  more m i c e l l e s .  The p e r m e a b i l i t y  o f  t h e  amor­
phous r e g i o n s  i s  o f  im p o r ta n c e  i n  so f a r  a s  t h e  d y e in g  
p r o c e s s  i s  c o n c e rn e d  b e c a u s e  t h e r e  i s  no e v id e n c e  t h a t  dye 
m o le c u le s  can  p e n e t r a t e  i n t o  t h e  c l o s e l y  p ack ed  s t r u c t u r e  
o f  t h e  m i c e l l e s .
C o n s id e r a b le  a t t e n t i o n  h a s  b ee n  d e v o te d  t o  t h e  d e t e r ­
m i n a t io n  o f  t h e  p a r t i c l e  s i z e  o f  d y es  and t h e  p o re  s i z e  o f  
c e l l u l o s e  f i b r e s ,  i n  s o l u t i o n .  On t h e  above v iew  o f  t h e
- 4 5 -
s t r u c t u r e  o f  c e l l u l o s e ,  t h e  p o r e s  m ust be i l l - d e f i n e d  and 
t o r t u o u s .  McBain and K L s t l e r  fo u n d  t h a t  d ry  * C e l lo p h a n e '  
( r e g e n e r a t e d  c e l l u l o s e  f i l m )  i s  p r a c t i c a l l y  im p e rm e a b le  t o  
e t h y l  and amyl a l c o h o l s ,  x y l e n e ,  and a n i l i n e ,  and t h a t  
t h e s e  s o l v e n t s  c a u se  no s w e l l i n g .  I f  t h e  ’ C e llo p h an e*  i s  
f i r s t  so ak e d  i n  w a t e r ,  h o w ev e r , e t h y l  a l c o h o l  p a s s e s  
t h r o u g h  r e a d i l y ,  and when t h e  a l c o h o l  i s  r e p l a c e d  by o t h e r  
s o l v e n t s  t h e s e  a l s o  p a s s  t h r o u g h .  B o u l to n  e t  a l .  (1955) 
s u g g e s te d  t h a t  when w a te r  e n t e r s  c e l l u l o s e  t h e  o s m o t ic  
f o r c e s  t e n d  t o  ca u se  t h e  c h a in s  t o  move a p a r t  and s u c h  
movement can  o c c u r  o n ly  i n  t h e  d i s o r i e n t e d  p a r t s  o f  t h e  
f i b r e ,  so t h a t  t h e  s w o l le n  f i b r e  c o n s i s t s  o f  com pact 
c r y s t a l l i t e s  l i n k e d  by open  n e tw o rk s  o f  c h a in s  th r o u g h  
w h ic h  dye m o le c u le s  may p a s s .  The d i a m e te r  o f  t h e  p o r e s
i n  t h e  l a t t e r  r e g i o n s  h a s  b e e n  fo u n d  by v a r i o u s  w o rk e rs
o 0
t o  v a r y  from  5 A i n  t h e  d ry  s t a t e ,  t o  a b o u t  20 A i n  t h e
w a t e r - s w o l l e n  c o n d i t i o n .
When t h e  s i z e  o f  a  t y p i c a l  d i r e c t  dye m o le c u le ,  e . g .
o 0
C h lo r a z o l  Sky B lue  PF ( l e n g t h  27 A , w id th  a b o u t  10 A ) ,
i s  com pared w i t h  t h e  p o re  s i z e ,  i t  i s  q u i t e  o b v io u s  t h a t
o n ly  s i n g l e  dye m o le c u le s  o r  v e r y  s m a l l  a g g r e g a t e s  o f  them
can  d i f f u s e  i n t o  t h e  f i b r e .  A c c o rd in g  to  L e n h e r  and  S m ith
d y e s  h a v in g  p a r t i c l e s  o f  d i a m e te r  g r e a t e r  t h a n  an  optimum
v a l u e  o f  5 5 -4 0  A a t  2 5^C . , a r e  n o t  r e a d i l y  a d s o rb e d  by
c o t t o n ,  th o u g h  t h e s e  a u t h o r s  s t a t e  t h a t  t h e  e q u i l i b r i u m
— 4- 6—
a d s o r p t i o n  o f  t h e  dye i s  n o t  a f f e c t e d  by i t s  mean p a r t i c l e  
s i z e ,  b e c a u s e  a s  t h e  s m a l l e r  p a r t i c l e s  a r e  t a k e n  u p ,  l a r g e r  
a g g r e g a t e s  b r e a k  down t o  r e s t o r e  e q u i l i b r i u m  c o n d i t i o n s .
The r a t e  o f  a d s o r p t i o n  d o e s ,  h o w ev e r , d e c r e a s e  w i th  i n c r e a s e  
i n  mean p a r t i c l e  s i z e .
D y e in g  o f  a  f i b r e  i n c l u d e s  a  d i f f u s i o n  p r o c e s s  and  t h e  
d i f f u s i o n  o f  dye i n s i d e  t h e  f i b r e  i s  much s lo w e r  t h a n  i n  
t h e  e x t e r n a l  s o l u t i o n ,  b e c a u s e  o f  t h e  g r e a t e r  m e c h a n ic a l  
o b s t r u c t i o n  to  movement p r e s e n t e d  by t h e  p r e s e n c e  o f  t h e  
f i b r e  s u b s t a n c e  and a l s o  b e c a u s e  o f  t h e  r e s t r a i n i n g  f o r c e s  
b e tw e e n  f i b r e  and d y e . D e a le  and h i s  a s s o c i a t e s  have  
shown t h a t  t h e  d i f f u s i o n  p r o c e s s  i n  d y e in g  i s  g o v e rn ed  by  
P i c k ’ s l a w ,  w h ich  assum es t h a t  t h e  r a t e  o f  d i f f u s i o n  
( d s / d t )  o f  a  dye a c r o s s  a  u n i t  a r e a  a t  a  g iv e n  p o i n t  i n  t h e  
f i b r e  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t  ( d c /d x )  
o f  t h e  dye  a t  t h a t  p o i n t ,  i . e .
ds ^  do
d t  dx
w here  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t .  However, i t  h a s  
b e e n  shown by D e a le  and G a rv ie  (1938) t h a t  t h e  d i f f u s i o n  
c o n s t a n t  c a l c u l a t e d  a c c o r d i n g  t o  P i c k ’ s  la w  v a r i e s  w i th  
t h e  dye c o n c e n t r a t i o n .  They s u g g e s t  t h a t  t h e  o b s e rv e d  
e x p e r i m e n ta l  d a t a  c o u ld  be  b e t t e r  r e p r e s e n t e d  by t h e  
e q u a t i o n
—47—
Î î  = -Z.o°-5. il
d t  dx
w here  E i s  a  new c o n s t a n t  and c i s  t h e  c o n c e n t r a t i o n  o f  
t h e  d y e .  T h is  m ig h t  he due t o  a  v a r i a t i o n  o f  t h e  
’a p p a re n t*  d i f f u s i o n  c o n s t a n t  o f  a  dye f ro m  t h e  s u r f a c e  
t o  th e  c e n t r e  o f  t h e  f i b r e .
A l th o u g h  t h e  k i n e t i c s  o f  t h e  p r o c e s s  o f  d y e in g  c e l l u ­
l o s e  w i t h  s u b s t a n t i v e  d y e s  h a s  r e c e i v e d  c o n s i d e r a b l e  a t t e n ­
t i o n  (B o u l to n  e t  a l . , 1933; D e a le ,  193^; c f .  a l s o  C ra n k ’ s 
r e c e n t  w o rk , sum m arised  by V i e k e r s t a f f  ( 1 9 5 4 ) ) ,  t h e r e  i s  
no g e n e r a l  a g reem en t a s  t o  t h e  n a t u r e  o f  t h e  u n io n  o f  t h e  
d y e s  w i t h  t h e  f i b r e .  I n  th e  c a s e  o f  p r o t e i n s ,  t h e  
h y p o t h e s i s  t h a t  t h e  b a s i s  o f  s u b s t a n t i v i t y  i s  a  n o rm a l s a l t  
l i n k a g e  b e tw e en  t h e  b a s i c  g ro u p s  o f  t h e  p r o t e i n  m o le c u le  
and t h e  a c i d i c  g ro u p s  o f  t h e  dye i s  now r e g a r d e d  a s  a f f o r d ­
i n g  an  e x p l a n a t i o n  o f  t h e  m ain  f e a t u r e s  o f  t h e  a d s o r p t i o n  
o f  a c i d  d y e s  (G o o d a l l ,  1933>193^>1937; V i c k e r s t a f f ,  1 9 5 4 ) .  
C e l l u l o s e  on t h e  o t h e r  han d  c o n t a i h s  no b a s i c  g ro u p s ,  so 
t h a t  t h e  c h e m ic a l  o r  m o le c u l a r  b a s i s  o f  t h e  s u b s t a n t i v i t y  
o f  t h e  d i r e c t  d y es  m ust be  o t h e r  t h a n  a  s a l t  l i n k a g e .
H ydrogen b o n d in g  h a s  f o r  some y e a r s  b ee n  c o n s id e r e d  
r e s p o n s i b l e  f o r  t h e  a d s o r p t i o n  o f  w a t e r - s o l u b l e  s o l u t e s ,  
p a r t i c u l a r l y  d y es  on c e l l u l o s e  ( V i c k e r s t a f f , 1954; B i g g i n s , 
1938; M ark, 1 9 4 0 ) .  L a t e l y  h o w ev e r , e v id e n c e  h a s  
a c c u m u la te d  w h ich  makes i t  v e r y  l i k e l y  t h a t  t h e  a f f i n i t y  i s
—48-
due t o  n o n - p o l a r  v a n  d e r  W aals f o r c e s  and t h a t  h y d ro g e n  
bonds  a r e  n o t  fo rm ed  (A ll in g h am  e t  a l . ,  1954; D e r b y s h i r e  
and P e t e r s ,  1955; G i l e s ,  1954; A r s h id  e t  , 1954 , 
1 9 5 6 b ) .
I n  t h i s  l a b o r a t o r y ,  i n v e s t i g a t i o n s  w ere made o f  t h e  
r e a c t i v i t y  o f  c a r b o h y d r a t e s ,  u s i n g  t h e  r e f r a c t i v e  i n d e x  
m e th o d . G lucose  and c e l l o b i o s e  w ere c h o se n  a s  m odel com­
pounds r e p r e s e n t i n g  c e l l u l o s e  f i b r e s  a s  a  g u id e  t o  i n d i c a t e  
t h e  p o s s i b l e  m eans by w h ich  th e  g ro u p s  i n  s u b s t r a t e s  and 
s o l u t e s  m ig h t  be  e x p e c te d  t o  o p e r a t e  (A rs h id  a t  ,
1956 a , b ) .  I t  h a s  b e e n  fo u n d  t h a t  g lu c o s e  and c e l l o b i o s e  
b e h a v e  mono f u n c t i o n a l l y  to w a rd s  r e a c t i v e  s ec o n d  s o l u t e s  and 
t h a t  t h e  r e a c t i o n s  a r e  i d e n t i c a l  w i th  t h o s e  o f  a l i p h a t i c  
a ld e h y d e s .  I t  i s  t h e r e f o r e  assum ed t h a t  t h e s e  c a rb o ­
h y d r a t e  m o le c u le s  r e a c t  t h r o u g h  t h e  a ld e h y d e  g ro u p s  i n  
t h e i r  o p e n - c h a in  fo rm s ,  w h ich  a r e  t h e r e b y  s t a b i l i s e d ,  and 
n o t  a s  t h e  p y ra n o s e  r i n g  s t r u c t u r e .  The n o n - r e a c t i v i t y  o f  
t h e  h y d ro x y -g ro u p s  o f  t h e  c a r b o h y d r a t e s  to w a rd s  m ost o t h e r  
s o l u t e s  i s  c o n s i s t e n t  w i t h  t h e  above i n t e r p r e t a t i o n  o f  
t h e i r  b e h a v io u r  i n  w a t e r ,  b u t  t h e  n o n - r e a c t i v i t y  o f  p h e n o ls  
w i t h  g lu c o s e  o r  c e l l o b i o s e  i s  u n e x p e c te d  b e c a u s e  p h e n o l  
d o es  n o r m a l ly  combine w i t h  a l c o h o l i c  g ro u p s  i n  w a t e r ,  even  
w i t h  e v e ry  g ro u p  i n  a  s t r a i g h t - c h a i n  p o l y h y d r i c  a l c o h o l ,  
e . g .  m a n n i t o l .  T h is  i n a c t i v i t y  o f  t h e  a ld e h y d e  g rou p  
to w a r d s  p h e n o l  i n  w a te r  may be  due t o  t h e  i n s t a b i l i t y  o f
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t h e  op e n - c h a in  fo rm  o f  g lu c o s e  u n d e r  s u c h  c o n d i t i o n s .  I t  
f o l l o w s  t h a t  t h e  i n a c t i v i t y  o f  t h e  g lu c o s e  h y d ro x y -g ro u p s  
to w a rd s  p h e n o l  i n  w a te r  i s  a  p r o p e r t y  o f  t h e  r i n g  fo rm  
and  i t  seems l i k e l y  t h a t  t h e  w a t e r - a t t r a c t i n g  power o f  t h e  
h y d ro x y -g ro u p s  i s  g r e a t e r  i n  t h e  r i n g  t h a n  i n  th e  o p e n -  
c h a in  fo rm . A s tu d y  o f  h y d ro g e n  b r i d g i n g  i n  c e l l u l o s e  
u s i n g  i n f r a - r e d  a b s o r p t i o n  s p e c t r a  ( E l l i s  and  B a th )  
r e v e a l e d  t h a t  a lm o s t  a l l  t h e  h y d ro x y -g ro u p s  a r e  i n v o lv e d  
i n  h y d ro g e n  bonds  b e tw een  a d j a c e n t  c e l l u l o s e  c h a in s .
M odels a l s o  d e m o n s t r a te  t h a t  t h e  s o l v a t e d  w a te r  m o le c u le s  
on  o p p o s i t e  s i t e s  o f  t h e  g lu c o s e  m o le c u le  m ust be  c l o s e r  
t o g e t h e r  a t  t h e i r  n e a r e s t  d i s t a n c e  i n  p r e s e n c e  o f  t h e  r i n g  
fo rm  th a n  i n  t h e  p r e s e n c e  o f  t h e  o p e n - c h a in  fo rm  i n  i t s  
m ost p r o b a b le  c rum p led  s t a t e .  The r i n g  s t r u c t u r e  i s  
s t a b i l i s e d  by t h e  a f f i n i t y  o f  t h e  s u r r o u n d in g  w a te r  w h ich  
a c t s  a s  a  p r o t e c t i v e  ’ a tm o sp h ere*  a g a i n s t  weak i n t e r a c t i o n  
w i th  o t h e r  s o l u t e s .  A d s o r p t io n  on c e l l u l o s e  m ust t a k e  
p l a c e ,  i f  a t  a l l ,  on m o le c u la r  c h a in s  o f  t h e  n o n - c r y s t a l l i n e  
r e g i o n s ,  and i n  aq u e o u s  s o l u t i o n s  t h e s e  p re su m a b ly  r e s e m b le  
g lu c o s e  and c e l l o b i o s e  i n  b e i n g  s u r ro u n d e d  by  an  a tm o sp h e re  
o f  w a te r  m o le c u le s  bound so f i r m l y  t h a t  o t h e r  s o l u t e s  
c a n n o t  n o rm a l ly  p e n e t r a t e  i t .  T h is  e x p l a i n s  why p h e n o l ,  
w h ich  i s  r e a d i l y  a d s o rb e d  fro m  d i l u t e  aq u e o u s  s o l u t i o n  by 
f i b r o u s  s u b s t r a t e s  c a p a b le  o f  h y d ro g e n  b o n d in g ,  e . g .  n y l o n ,  
wool ( C h i p a l k a t t i  e t  a l . ,  1 9 5 4 ) ,  and c e l l u l o s e  a c e t a t e  
(M arsden and  U r q u h a r t ,  1 9 4 2 ) ,  i s  e n t i r e l y  u n a d s o rb e d  u n d e r
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s i m i l a r  c o n d i t i o n s  (M arsden and  U r q u h a r t ;  a l s o  s e e  p r e s e n t  
w ork ) by r e g e n e r a t e d  c e l l u l o s e .  P r e s t o n  and N im kar, by  
s t u d y i n g  t h e  f r e e z i n g  p o i n t  c u r v e s  o f  a d s o rb e d  m o i s tu r e  
i n  c e l l u l o s e  f i b r e s ,  h ave  shown t h a t  t h e  n o n - c r y s t a l l i n e  
p a r t s  o f  t h e  f i b r e  a r e  i n  a  s t a t e  r e s e m b l in g  s o l u t i o n  i n  
w a t e r ,  so  t h e y  s h o u ld  b e h a v e  a s  g l u c o s e .  I t  h a s  b ee n  
fo u n d  a l s o  t h a t  g lu c o s e  i s  a d s o rb e d  on c e l l u l o s e  from  
a q u e o u s  s o l u t i o n s  ( C h i t a l 6 ) , and b e c a u s e  t h e  a f f i n i t y  f o r  
h y d ro g e n  b o n d in g  i n  b o th  s u b s t a n c e s  can  be  s a t i s f i e d  by 
w a t e r ,  t h e  o n ly  r e a s o n  f o r  a d s o r p t i o n  may be  a t t r i b u t e d  
t o  t h e  o p e r a t i o n  o f  n o n - p o l a r  f o r c e s .
A ll in g h a m  a t  a l . h av e  i n v e s t i g a t e d  t h e  p o s s i b l e  modes 
o f  d y e - s u b s t r a t e  c o m b in a t io n s  by t h e  u s e  o f  t h e  u n i m o le c u l a r  
f i l m  b a l a n c e ,  w i t h  m ode ls  o f  dyes  and f i b r e s .  T h e i r  i n t e r ­
p r e t a t i o n  o f  t h e  i n t e r a c t i o n s  i s  b a se d  on m easu rem en ts  o f  
m o l e c u l a r  a r e a s  and c o m p r e s s i b i l i t i e s  i n  t h e  f i l m s .  The 
r e s u l t s  r e l a t i n g  to  t h e  a d s o r p t i o n  o f  d y es  by c e l l u l o s e  
f ro m  aq u eo u s  s o l u t i o n s  a g r e e  more w i th  a  m echanism  o f  v an  
d e r  W aals a t t r a c t i o n  b e tw e en  t h e  dye and t h e  f i b r e  t h a n  
w i t h  one i n v o l v i n g  h y d ro g e n  b o n d s .  I t  may be assu m ed , a s  
s u g g e s te d  p r e v i o u s l y ,  t h a t  t h e  c a r b o h y d r a te  m o le c u le s  a r e  
t o o  f i r m l y  a t t a c h e d  t o  w a te r  f o r  h y d ro g e n  b o n d s  w i th  d y es  
i n  aq u eo u s  s o l u t i o n  to  be  fo rm e d . R o b in so n  u s e d  t h e  new 
t y p e  o f  a c c u r a te ly - c o m p u te d  C o u r ta u ld  a to m ic  m o d e ls  t o  
exam ine t h e  g eo m etry  o f  t h e  c e l l u l o s e  m o le c u le  and o f  
t y p i c a l  c o t t o n  dye m o le c u le s .  He fo u n d  t h a t  a l l  t h e s e
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h av e  r a t h e r  f l a t  s u r f a c e s ,  so t h a t  c l o s e  a p p ro a c h  o f  dye 
t o  c e l l u l o s e ,  w i t h  an  i n t e r p o s e d  l a y e r  o f  w a t e r ,  seems 
q u i t e  p o s s i b l e .
The b e n z id i n e  s e r i e s  o f  d i r e c t  c o t t o n  d y es  a r e
h i g h l y  s u b s t a n t i v e  on c e l l u l o s e  and i t  h a s  b ee n  s u g g e s te d
(P a in e  and R o se , q u o te d  by V i c k e r s t a f f )  t h a t  p l a n a r  d y es
o f  t h i s  s e r i e s  a r e  h i g h l y  s u b s t a n t i v e  b e c a u s e  t h e  r e p e a t
0
i n t e r v a l  ( 1 0 .8  A) o f  p o t e n t i a l  b o n d in g  g r o u p s ,  e . g .  -Dg
e t c . ,  i n  t h e i r  m o le c u le s  c o r r e s p o n d s  c l o s e l y  w i t h  t h a t  
, o
( 10 . 5  A) o f  t h e  c e l l o b i o s e  u n i t  o f  c e l l u l o s e ,  and t h u s  t h e  
b e s t  c o n d i t i o n s  a r e  s a t i s f i e d  f o r  g ro u p s  t a k i n g  p a r t  i n  
m u tu a l  h y d ro g e n  b o n d in g  to  make c l o s e  c o n t a c t .  However, 
i t  h a s  b e e n  fo u n d  t h a t  i n  th e  c a se  o f  d y e in g  c e l l u l o s e  
fro m  w a te r  s o l u t i o n s  w i t h  d i r e c t  c o t t o n  d y e s ,  h y d ro g e n  
b o n d in g  c a n n o t  be  w h o l ly  r e s p o n s i b l e  f o r  t h e  a d s o r p t i o n  o f  
t h e  dye ( Z o l l i n g e r ,  1 9 5 4 ) .  F o r  i n s t a n c e ,  t h e  s u b s t a n t i v i t y  
o f  t h e  dye f o r  c e l l u l o s e  h a s  no r e l a t i o n  t o  t h e i r  c o n t e n t  
o f  p o t e n t i a l  h y d ro g e n -b o n d in g  g ro u p s  ( G i l e s ,  1 9 5 4 ) ,  e . g .  
O range I  ( I )  h a s  t h r e e  su ch  g ro u p s  (x ) and  B ordeau x  e x t r a  
( I I )  h a s  tw o , y e t  th e  fo rm e r  i s  n o n - s u b s t a n t i v e  w h i le  t h e  
l a t t e r  d y es  c o t t o n .
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X X
’N=N-c OH X
O range I  
(C o lo u r  In d e x  Ho*150)
HO,
HO
B ordeaux  e x t r a  
(C o lo u r  In d e x  N o .385)
S in c e  t h e  v a n  d e r  W aals e n e rg y  o f  a t t r a c t i o n  b e tw e e n  
a  m o le c u le  and a  s u r f a c e  i n c r e a s e s  w i t h  t h e  s i z e  o f  t h e  
m o le c u le  and  may be i n v e r s e l y  p r o p o r t i o n a l  to  t h e  cube o f  
t h e  d i s t a n c e  b e tw e e n  th e  c e n t r e  o f  t h e  m o le c u le  and t h e  
s u r f a c e ,  i t  w ould be  e x p e c te d  t h a t  l a r g e  m o le c u le s  w ould  
h av e  a  s t r o n g  te n d e n c y  t o  l i e  f l a t  on t h e  s u r f a c e .  T h is  
was c o n f irm e d  e x p e r i m e n ta l l y  by H e n d r ic k s  f o r  a  num ber o f  
l a r g e  o r g a n ic  m o le c u le s  on t h e  l a y e r  c r y s t a l  m o n tm o r i l lo n -  
i t e .  Hodgson s u g g e s te d  t h a t  i n  a  d i r e c t  c o t t o n  d y e ,  
v a r i o u s  b en z en e  and  n a p h t h a l e n e  n u c l e i  s h o u ld  b e  c a p a b le  
o f  l y i n g  i n  one p l a n e .  5 5 3 ^ s u b s t i t u t e d  b e n z id i n e  
d e r i v a t i v e s  w h ich  h ave  p l a n a r  m o le c u le s  a r e  s u b s t a n t i v e
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d y e s ,  w h e re a s  2 : 2 ' - d e r i v a t i v e s  g iv e  n o n - s u b s t a n t i v e  d y e s ,  
b e c a u s e  t h e i r  m o le c u le s  a r e  n o n - p l a n a r .  I n  a d d i t i o n  t o  
b e in g  l i n e a r  and p l a n a r ,  d i r e c t  d y e s  s h o u ld  c o n t a i n  a  
lo n g  c o n ju g a te d  c h a in  o f  d o u b le  bonds  (S c h irm , 1 9 5 5 ) .  I t  
h a s  b e e n  a l s o  a rg u e d  t h a t  an  i n c r e a s i n g  num ber o f  c o n ju g ­
a t e d  d o u b le  bonds i s  accom p an ied  by i n c r e a s i n g  s u b s t a n t i v ­
i t y  due t o  t h e  i n c r e a s i n g  r e s i d u a l  v a l e n c y  f o r c e s  a t  t h e  
ends  o f  t h e  c h a in  (P a in e  and  R ose , 1955)*
P e t e r s  and Sumner have  r e c e n t l y  r e p o r t e d  an  i n v e s t i ­
g a t i o n  upon  t h e  a f f i n i t y  o f  a  s e r i e s  o f  v a t  d y es  ( i n  t h e  
l e u c o . fo rm ) f o r  c e l l u l o s e  and h av e  shown t h a t  t h i s  
a f f i n i t y  p r o b a b ly  h a s  i t s  o r i g i n  i n  t h e  v a n  d e r  Waals 
a t t r a c t i o n  o f  t h e  l a r g e  p l a n a r  dye m o le c u le s  f o r  t h e  
c e l l u l o s e -  They w ere  a b l e  t o  d e m o n s t r a te  a  l i n e a r  
r e l a t i o n s h i p  b e tw e e n  a f f i n i t y  and t h e  l o g a r i t h m  o f  t h e  
e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  d y e s ,  and s i n c e  t h e  l a t t e r  
i s  i t s e l f  a  f u n c t i o n  o f  t h e  m o b i l i t y  o f  t h e  77 - e l e c t r o n s ,  
i t  was su p p o sed  t h a t  i t  c o n t r i b u t e s  t o  t h e  p h y s i c a l  a t t r a c ­
t i o n  b e tw e e n  dye and  f i b r e  - P e t e r s  and  Sumner fo u n d  a l s o  
t h a t  a l l  t h e  v a t  d y es  c o n t a i n i n g  -CONH- g ro u p s  a t t a c h e d  t o  
t h e  n u c l e u s  h ave  h i g h e r  a f f i n i t y  t h a n  th e  c o r r e s p o n d in g  
o n es  w i th o u t  t h i s  g r o u p - They su p p o sed  t h a t  t h e  l a r g e  
a r o m a t i c  n u c l e i  o f  t h e  v a t  dyes  have  s u f f i c i e n t  p h y s i c a l  
a t t r a c t i o n  f o r  t h e  c e l l u l o s e ,  i n  p r e s e n c e  o f  w a t e r ,  t o  
e n a b le  t h e  dye m o le c u le  t o  a p p ro a c h  c l o s e  enough f o r
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h y d ro g e n  bonds  to  be fo rm e d . I n  v ie w ,  h o w ev e r , o f  t h e  
n e g a t i v e  r e s u l t s  o b t a in e d  i n  t h i s  l a b o r a t o r y  ( J a i n )  i n  
a t t e m p t s  t o  d e m o n s t r a te  h y d ro g e n  bond f o r m a t i o n  i n  w a te r  
b e tw e e n  g lu c o s e  o r  c e l l o b i o s e  and a  v a r i e t y  o f  o t h e r  
s e c o n d  s o l u t e s ,  i n c l u d i n g  d y e s ,  w i t h  m o le c u le s  n e a r l y  a s  
l a r g e  a s  some o f  P e t e r s  and Sum ner’ s b e n z o y la m in o a n th r a -  
q u in o n e  com pounds, t h e i r  s u g g e s t i o n  o f  h y d ro  g en -b o n d  
f o r m a t i o n  seem s u n l i k e l y .  T h is  i s  a l s o  i n  a g re e m e n t  
w i t h  t h e  v ie w  h e l d  by Z r z i k a l l a  and E i s t e r t  t h a t  any 
ch ange  i n  t h e  c o n s t i t u t i o n  w h ich  r e d u c e s  t h e  p o s s i b i l i t y  
o f  c o n j u g a t i o n  t h r o u g h  t h e  e n o l  fo rm  o f  t h e  a n i l i d e  g ro up  
i n  2 - h y d ro x y -3- n a p h t h o i c  a c i d  a n i l i d e s  a l s o  r e d u c e s  t h e i r  
s u b s t a n t i v i t y  f o r  c e l l u l o s e .  Thus I  i s  more s u b s t a n t i v e  
t h a n  I I  o r  I I I .
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S i m i l a r l y  Hodgson and H o l t  o b s e rv e d  t h a t  3 : 5 ' - ^ l 8 a z o  
d i p h e n y l  d e r i v a t i v e s  a r e  o f  low  s u b s t a n t i v i t y ,  and t h i s
- 5 5 -
c a n  b e  e x p la in e d  on  t h e  g ro u n d s  t h a t  a  c o n ju g a te d  c h a in  
i s  n o t  p o s s i b l e  a s  i t  i s  i n  t h e  4 : 4 ' - d e r i v a t i v e .
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PBESEM! WORK
The p r e s e n t  i n v e s t i g a t i o n  i s  an  a t t e m p t  t o  exam ine 
and com pare t h e  a d s o r p t i o n  p r o p e r t i e s  o f  c e l l u l o s e  and o f  
t h e  c l o s e l y  r e l a t e d  n a t u r a l  p o ly m er c h i t i n  u s i n g  b o th  
a q u e o u s  and n o n -a q u e o u s  s o l u t i o n .  A d d i t i o n a l  work i s  
done on  c h i t i n ,  w h en ev er  n e c e s s a r y ,  p a r a l l e l  t o  t h a t  o f  
c e l l u l o s e  i n  o r d e r  to  b r i n g  a b o u t  a  b e t t e r  u n d e r s t a n d i n g  
o f  t h e  a d s o r p t i o n  m echanism  o f  b o th  s u b s t a n c e s .
C h i t i n  was c h o se n  f o r  co m p ar iso n  w i t h  c e l l u l o s e  
b e c a u s e ,  w h i le  t h e  c o m p o s i t io n  o f  i t s  p o ly m e r  c h a in  
c l o s e l y  r e s e m b le s  t h a t  o f  c e l l u l o s e  ( P i g . 1 ) ,  i t  was 
e x p e c te d  t h a t  t h e  a d s o r p t i o n  b e h a v io u r  o f  t h e  two s u b s t a n ­
c e s  w ould  d i f f e r  c o n s i d e r a b l y .  T h is  e x p e c t a t i o n  f o l lo w e d  
from  r e f r a c t i v e - i n d e x  m easu rem en ts  made on a  v a r i e t y  o f  
a q u e o u s  b i n a r y  s o l u t i o n s ,  c o n t a i n i n g  N - a c e ty lg lu c o s a m in e ,  
a s  a  m odel o f  c h i t i n ,  o r  g lu c o s e  and c e l l o b i o s e  a s  m o d e ls  
o f  c e l l u l o s e ,  w h ich  have  shown t h a t  t h e  h y d ro x y  g ro u p s  o f  
a l l  t h o s e  m odel compounds a r e  i n a c t i v e  to w a rd s  any o t h e r  
h y d ro g e n  b o n d in g  s o l u t e  i n  w a te r  and t h a t  t h e  a c e t y l  amino 
g ro u p  i n  R - a c e ty lg lu c o s a m in e  i n  w a te r  i s  a b l e  t o  fo rm  
h y d ro g e n  bond co m plexes  w i t h  many o t h e r  s o l u t e s  (A rsh id  
e t  a l . , 1956, a , b ) .
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EXPERIMENTAL
S u b s t r a t e s .
S u b s t r a t e s  u s e d  i n  t h i s  i n v e s t i g a t i o n  w ere c e l l u l o s e  
i n  th e  fo rm  o f  v i s c o s e  ra y o n  and  t h e  c l o s e l y  r e l a t e d  
n a t u r a l  p o ly m er c h i t i n .  C h i t i n  was p r e p a r e d  a s  i n  t h e  
p r e v io u s  work ( P a r t  I )  w h i le  v i s c o s e  ra y o n  was p u r i f i e d  
a s  f o l l o w s :  l o o s e  ”P i b r o ” ( C o u r ta u ld s  v i s c o s e  r a y o n ) ,
s t a p l e  (4*5 D e n . , 6** , b r i g h t ) ,  was s c o u re d  i n  an a n i o n i c  
d e t e r g e n t  ( 0 .$ ^  L i s s a p o l  C s o l u t i o n  ( I . O . I . ) )  w i th  0 .2 ^  
sodium  c a r b o n a t e ,  f o r  an  h o u r  a t  80°C. I t  was t h e n  
th o r o u g h ly  r i n s e d  i n  c o ld  w a te r  t o  w h ich  a  few  d ro p s  o f  
d i l u t e  a c e t i c  a c i d  w ere  added  i n  o r d e r  t o  n e u t r a l i s e  any  
t r a c e s  o f  a l k a l i .  The w ashed v i s c o s e  was t h e n  d r i e d  i n  
an  oven  a t  100^£. and  c o n d i t i o n e d  f o r  48 h r .  a t  room 
t e m p e r a tu r e  b e f o r e  u s e .
S p e c i a l l y  d r i e d  s u b s t r a t e s  w ere r e q u i r e d  f o r  a d s o r p ­
t i o n  s t u d i e s  i n  d ry  o r g a n i c  s o l v e n t s .  S am ples  o f  c h i t i n  
and c e l l u l o s e  w ere  d r i e d  by e x t r a c t i n g  w i t h  m e th y le n e  
c h l o r i d e  u s i n g  a  S o x h le t  a p p a r a t u s .  The sam p le s  w ere 
t h e n  d r i e d  i n  an  oven  a t  lOO^G., and e x t r a c t e d  a g a in  w i th  
t h e  o r g a n ic  s o l v e n t  t o  be  u s e d  i n  t h e  r e s p e c t i v e  a d s o r p ­
t i o n  e x p e r im e n t ,  fo l lo w e d  by oven  d r y in g  a t  1OO^G. f o r  
4 h r .  They w ere t h e n  im m e d ia te ly  w e ig h ed  and  i n t r o d u c e d  
i n t o  t h e  a d s o r p t i o n  t u b e s .
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S o l v e n t s .
P u r i f i e d  s o l v e n t s  w ere  u s e d ,  b e n z e n e  was s t o r e d  
o v e r  sod ium  and e t h y l  a l c o h o l  was t h e  co m m erc ia l  a b s o l u t e  
q u a l i t y .
A l l  w a t e r  u s e d  was d i s t i l l e d .  The £H b u f f e r  s o l u ­
t i o n s  w ere  p r e p a r e d  f ro m  t h e  M arcon i s t a n d a r d  b u f f e r  
t a b l e t s .
S o l u t e s .
M ost o f  t h e  compounds em ployed w ere  o b ta in e d  i n  t h e  
p u re  s t a t e  o r  a s  com m erc ia l  s u b s t a n c e s ,  b u t  some w ere  
p r e p a r e d  i n  t h i s  l a b o r a t o r y ,  e . g .  t h e  f o l l o w i n g  -
A n th r a c e n e - 1 - s u lp h o n ic  a c i d  was p r e p a r e d  by t h e  
r e d u c t i o n  o f  t h e  c o r r e s p o n d in g  a n t  h r a q u in o n  e a c id  by z i n c  
d u s t  and  ammonia ( P e r r e r o  and C o n z e t i ) .
A n i l i n e - 2 :  S - d i s u l p h o n ic  a c id  -  » n a p h th o l  A .S . was
p r e p a r e d  by c o u p l in g ,  i n  t h e  c o l d ,  t h e  d i a z o t i s e d  b a s e  
w i t h  N a p h tb l  A .S . d i s s o l v e d  i n  aq u e o u s  a l c o h o l i c  sodium  
h y d r o x id e  s o l u t i o n .
N a p h th a le n e ,  a n th r a c e n e  and a n th r a q u in o n e  s u lp h o n ic  
a c i d s  w ere  p r e p a r e d  by  p a s s i n g  t h e i r  sod ium  s a l t  s o l u t i o n s  
s e v e r a l  t im e s  t h r o u g h  a  colum n o f  r e g e n e r a t e d  c a t i o n i c  
io n -e x c h a n g e  r e s i n  ( L a t t a ,  1 9 5 4 ) .
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P la v a n tJa ro n e  l e u c o - s u l p h u r i c  e s t e r  was s u p p l i e d  a s
a  1 4 .2 ^  s u s p e n s io n  o f  t h e  sodium  s a l t  i n  5^ sod ium  
c a r b o n a te  s o l u t i o n  by  I . O . I .  L t d . ,  ] ) y e s t u f f s  D i v i s i o n .
Most o f  t h e  d y es  em ployed w ere  p u r i f i e d  by s a l t i n g  
o u t  f ro m  c o n c e n t r a t e d  s o l u t i o n  by sod ium  c h l o r i d e ,  and 
t h e n  r e c r y s t a l l i s e d  fro m  w a t e r .  Congo Red was p u r i f i e d  
by a c i d i f y i n g  i t s  aq u eo u s  s o l u t i o n .  Some o t h e r  d y es  w ere 
p u r i f i e d  by r e c r y s t a l l i s a t i o n  from  e t h a n o l  s o l u t i o n s .
The d e t e r m i n a t i o n  o f  t h e  p u r i t y  and c o n c e n t r a t i o n  o f  
t h e  compounds u s e d  was made a s  b e f o r e  ( s e e  E x p e r im e n ta l  
S e c t i o n ,  P a r t  I ) .
A d s o r p t io n  t e s t s .
0 .1 g .  o f  s u b s t r a t e  and  10 c . c .  o f  s o l u t i o n ,  made up  
i n  a  r a n g e  o f  c o n c e n t r a t i o n s  n e e d e d  t o  g iv e  t h e  optimum 
a d s o r p t i o n  ( th e  c o n d i t i o n s  v a r i e d  w i th  t h e  compounds 
u s e d ) ,  w ere  p l a c e d  i n  c lo s e d  c o n t a i n e r s .  G ro u n d -g la s s  
s to p p e r e d  t u b e s  ( Q u i c k f i t ) w ere u s e d  f o r  aqueous  s o l u t i o n s  
an d  c o m p le te ly  s e a l e d  g l a s s  t u b e s  f o r  t h o s e  i n  o r g a n i c  
s o l v e n t s  (on a c c o u n t  o f  t h e  d i f f i c u l t y  o f  p r e v e n t i n g  l o s s  
o f  s o l v e n t  t h r o u g h  th e  g r o u n d - g l a s s  j o i n t s ) . The tu b e s  
w ere  t h e n  p l a c e d  i n  a  m e c h a n ic a l l y  a g i t a t e d  t h e r m o s t a t  
( s e e  E x p e r im e n ta l  S e c t i o n ,  P a r t  I )  u n t i l  e q u i l i b r i u m  was 
r e a c h e d .
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I n  t h e  c a s e  o f  v i s c o s e  r a y o n ,  t h e  f i b r e  was packed  
i n t o  a  s e p a r a t e  i n n e r  o p en -e n d e d  p e r f o r a t e d  t u b e .  D u r in g  
a g i t a t i o n  t h e  h o l d e r  f a l l s  t o - a n d - f r o  i n  t h e  t e s t  t u b e ,  
w i t h  a  r e g u l a r  m o t io n  o u t  o f  p h a se  w i t h  t h e  movement o f  
t h e  l i q u o r ,  w h ich  i s  t h u s  c a u sed  t o  p u l s a t e  i n t o  and o u t  
o f  t h e  f i b r e  v i a  t h e  p e r f o r a t i o n s  (A rs h id  e;fc a l . , 1 9 5 4 ) .
By t h i s  m ethod t h e  d i f f i c u l t y  o f  a  m ass o f  l o o s e  f i b r e  
b l o c k i n g  t h e  s o r p t i o n  t u b e  i s  a v o id e d  and a d e q u a te  
c o n t a c t  o f  f i b r e  w i t h  t h e  s o l u t i o n  i s  a c h ie v e d .
When p o s i t i v e  a d s o r p t i o n  was n o t i c e d ,  t h e  t im e  
r e q u i r e d  t o  r e a c h  e q u i l i b r i u m  was d e te r m in e d  a t  t h e  
r e q u i r e d  t e m p e r a tu r e  b e f o r e  p r o c e e d in g  w i th  t h e  i s o th e r m  
s t u d y .
S o l u b i l i t y  d e t e r m i n a t i o n .
I n  o r d e r  t h a t  t h e  r e s u l t s  m ig h t  be  p l o t t e d  on a  
r e l a t i v e  s o l u b i l i t y  b a s i s ,  t h e  s o l u b i l i t i e s  o f  t h e  com­
pounds w ere  d e te r m in e d .  T h is  was a t t e m p te d  f i r s t l y  by 
p l a c i n g  a b o u t  1 .5 g .  o f  t h e  compound i n  a  tu b e  w i th  10 c . c .  
w a t e r .  The tu b e  was t h e n  s e a l e d  and tu m b le d  i n  a  
t h e r m o s t a t  a t  t h e  r e q u i r e d  t e m p e r a tu r e  f o r  a b o u t  24 h r .
The c o n t e n t s  o f  t h e  t u b e  w ere  t h e n  f i l t e r e d  and t h e  
u n d i s s o l v e d  dye was d e te r m in e d  a f t e r  d r y i n g  t o  a  c o n s t a n t  
w e ig h t .  R e s u l t s  fro m  t h i s  m ethod w ere  n o t  r e p r o d u c i b l e ,  
p r o b a b ly  b e c a u s e  o f  ch an g es  i n  t e m p e r a tu r e  (w i th  s u b s e q u e n t
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ch a n g e s  i n  s o l u b i l i t y )  d u r in g  t h e  f i l t r a t i o n  p r o c e s s .
More s a t i s f a c t o r y  r e s u l t s  w ere  o b t a in e d  fro m  a  
m o d i f ie d  t e c h n iq u e  i n c o r p o r a t i n g  an  a p p a r a t u s  s i m i l a r  t o  
t h a t  o f  T h o rp ,  w h ich  c o n s i s t s  o f  two c o n i c a l  f l a s k s  
c o n n e c te d  t h r o u g h  a  Q u i c k f i t  j o i n t  w i th  a  f i n e  s i n t e r e d  
g l a s s  d iap h ra g m  ( P i g . 2 ) .  When u s i n g  20 c . c .  s o l v e n t ,  
f l a s k s  o f  100 c . c .  c a p a c i t y  were fo u n d  t o  be s a t i s f a c t o r y .  
U s in g  t h i s  a p p a r a t u s  t h e  s o l u b i l i t y  a t  a  d e f i n i t e  t e m p e ra ­
t u r e  can  be  d e te r m in e d  a s  f o l l o w s  -  (a )  t h e  s o l v e n t  and 
e x c e s s  o f  t h e  s o l u t e  a r e  p l a c e d  i n  f l a s k  A, w h ich  i s  t h e n  
s t o p p e r e d ,  t a p  T i s  c l o s e d ,  and t h e n  t h e  w ho le  i s  p l a c e d  
i n  t h e  t h e r m o s t a t  and tu m b led  a t  t h e  r e q u i r e d  t e m p e r a tu r e  
u n t i l  e q u i l i b r i u m  i s  a t t a i n e d ;  (b )  f l a s k  A i s  t h e n  
rem oved , t h e  s t o p p e r  e x t r a c t e d  and q u i c k l y  a sse m b le d  w i t h  
t h e  r e s t  o f  t h e  a p p a r a t u s  a s  i n  P i g . 2 b ,  th e n  t h e  w hole 
a s se m b ly  i s  r e t u r n e d  t o  t h e  t h e r m o s t a t ;  ( c )  a f t e r  tu m b l in g  
a g a in  f o r  some t im e ,  t h e  a p p a r a t u s  i s  o v e r tu r n e d  so t h a t  
t h e  s o l u t i o n  can  f lo w  from  f l a s k  A t o  f l a s k  B. A f t e r  
t h i s ,  t a p  T i s  opened  t o  p e r m i t  t h e  a i r  f ro m  f l a s k  B t o  
r i s e  t o  f l a s k  A t h r o u g h  th e  r u b b e r  t u b i n g  b y - p a s s .  The 
a p p a r a t u s  i s  r e p l a c e d  i n  t h e  t h e r m o s t a t  d u r i n g  f i l t r a t i o n ,  
a f t e r  w h ich  an  a l i q u o t  p o r t i o n  o f  t h e  s o l u t i o n  i s  removed 
f o r  a n a l y s i s .
U s in g  t h e  above m ethod f o r  d e t e r m i n a t i o n  o f  t h e  
s o l u b i l i t i e s  o f  p u re  and s im p le  com pounds, t h e  r e s u l t s
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w ere  q u i t e  c o n s i s t e n t .  U n f o r t u n a t e l y , h o w ev e r , t h i s  was
n o t  so  i n  t h e  c a s e  o f  some d y e s ,  p re su m a b ly  due t o  t h e  
e f f e c t  o f  i m p u r i t i e s  o r  a g g r e g a t i o n  w i th  f o r m a t i o n  o f  
c o l l o i d a l  s o l u t i o n s .
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RESULTS AND DISCUSSION
T a b le  1 sum m arises  a l l  t h e  a d s o r p t i o n  e x p e r im e n ts  
made on c e l l u l o s e  and c h i t i n  r e s p e c t i v e l y ,  w h i l e  T a b le  2 
com pares t h e  e x p e r im e n ts  w h ich  w ere  d u p l i c a t e d  on  t h e  two 
s u b s t r a t e s .
A d s o r p t io n  o f  H y d ro x y lic -C o m p o u n d s .
The i s o t h e r m s  f o r  m e th a n o l  a d s o r p t i o n  from  b e n z e n e  
( P i g . 3 ) show t h a t  c e l l u l o s e  and c h i t i n  a d s o rb  t h e  s o l u t e  
i n  a b se n c e  o f  w a te r  i n  a  s i m i l a r  way, and t h e r e  seem s no 
r e a s o n  t o  d o u b t  t h a t  t h e  a d s o r p t i o n  m echanism  i n  t h e s e  
c a s e s  i s  h y d ro g e n  b o n d in g .  A ssum ing t h a t  t h e  p o i n t s  A,
A  ^ r e p r e s e n t  t h e  c o m p le t io n  o f  a  m o n o la y e r ,  t h e  e s t i m a t e s
C p
o f  t h e  s u r f a c e  a r e a  c o v e re d  a r e  3*8 ^  10 cm . / g .  f o r  
c h i t i n  and 4 .8  x 10 cm . / g .  f o r  c e l l u l o s e ;  t h e  l a t t e r  i s  
i n  c lo s e  a g re e m e n t  w i th  t h a t  g iv e n  by H a r r i s  and  P u r v e s ,
i . e .  4 X 10^ c m ^ ./g .  f o r  c e l l u l o s e .  T hese  s u r f a c e  a r e a  
m easu rem en ts  may be much l e s s  t h a n  t h o s e  w h ich  m ig h t  be 
o b t a i n e d  i n  t h e  w a te r  s w o l le n  s t a t e .
P h e n o l  and r e s o r c i n o l  were a p p l i e d  t o  c e l l u l o s e  from  
aq u eo u s  s o l u t i o n ,  and 2 - n a p h th o l  f ro m  a l k a l i n e  and  50^ 
a l c o h o l i c  s o l u t i o n ,  b u t  t h e y  f a i l e d  t o  show any  a d s o r p t i o n .  
The r e s u l t s  w i th  2 -h y d ro x y a n th ra q u in o n e  w ere  i n d e c i s i v e
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b e c a u s e  t h e  o p t i c a l  d e n s i t y  was h i g h e r  a f t e r  a d s o r p t i o n  
th a n  b e f o r e ,  w h ich  may be due t o  o x i d a t i o n  h a v in g  o c c u r r e d .
P h e n o l  i s  a d s o rb e d  fro m  n e u t r a l  aq u eo u s  s o l u t i o n  by 
c h i t i n  ( a l s o  a t  £H 9 P i g . 4) (and by ^  - a lu m in a  ( G i le s  e t  a l . , 
1 9 5 4 ) ,  n y lo n  and w ool ( C h i p a l k a t t i  e t  a l . ,  1 9 5 4 ) ) .
The b e h a v io u r  o f  c e l l u l o s e  and c h i t i n  a g r e e s  w i th  
p r e d i c t i o n s  made from  t h e  r e f r a c t i v e  i n d e x  i n v e s t i g a t i o n  
( s e e  i n t r o d u c t i o n  to  t h e  s e c t i o n s  on c h i t i n  and c e l l u l o s e ) .
I t  may a l s o  be  m e n tio n e d  t h a t  M arsden  and U rq u h a r t  w ere  
u n a b le  t o  d e t e c t  any  a d s o r p t i o n  o f  p h e n o l  by r e g e n e r a t e d  
c e l l u l o s e  f i l m  i n  w a t e r .
H a e m a to x y lin  (C o lo u r  In d e x  No. 1246) a  com plex t e t r a -  
h y d r i c  p h e n o l  w i t h  a  f a i r l y  l a r g e  m o le c u le ,  i s  a d s o rb e d  by 
c e l l u l o s e  (A rs h id  e;t a l . ,  1954) p re su m a b ly  by v an  d e r  W aals 
a t t r a c t i o n .  I t s  a f f i n i t y  f o r  n y lo n ,  h ow ev er , i s  u n d o u b te d ­
l y  due t o  h y d ro g e n  b o n d in g ,  and i s  c o n s i d e r a b l y  g r e a t e r  t h a n  
f o r  c e l l u l o s e .
S im p le  S u lp h o n ic  A c i d s .
C e l l u lo s e  and c h i t i n  w ere e x p e c te d  t o  d i f f e r  i n  t h e i r  
b e h a v io u r  to w a rd s  s im p le  a r o m a t i c  s u l p h o n ic  a c i d s  n o t  
c o n t a i n i n g  o t h e r  p o l a r  g ro u p s .  T hese  s o l u t e s  c a n n o t  fo rm  
h y d ro g e n  bonds  w i t h  t h e  s u b s t r a t e  and s h o u ld  be a d s o r b e d ,  
i f  a t  a l l ,  e i t h e r  by i o n  exchange  o r  n o n - p o l a r  a t t r a c t i o n .
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The e a r l i e r  and  p r e s e n t  i n v e s t i g a t i o n  on c h i t i n  a d s o r p t i o n  
h a s  shown t h a t  t h i s  m a t e r i a l  e x h i b i t s  l i t t l e  n o n - p o l a r  
a t t r a c t i o n  f o r  t h e  s m a l l e r  a r o m a t i c  a n i o n s ,  w h ich  a r e  
a d s o rb e d  by i o n  exchange  a t  £H v a l u e s  b e lo w  7“ 9 and h o t  a t  
a l l  f ro m  more a l k a l i n e  s o l u t i o n s  (T a b le  2 ) .
The p o l y a c e ty l g l u c o s a m i n e  m o le c u l a r  c h a in  h a s  a  m ore 
i r r e g u l a r  o u t l i n e  t h a n  t h a t  o f  t h e  c e l l u l o s e  m o le c u le ,  and  
p l a n a r  s o l u t e s ,  e . g .  a r o m a t i c  a n i o n s ,  m ust b e  u n a b le  t o  
a p p ro a c h  i t  so c l o s e l y  a s  t h e y  can  a p p ro a c h  c e l l u l o s e ,  and  
so t h e y  p r o b a b ly  have  lo w e r  n o n - p o l a r  a t t r a c t i o n  f o r  c h i t i n  
t h a n  f o r  c e l l u l o s e .  T h e r e f o r e  when s o l u t e s ,  e s p e c i a l l y  
t h o s e  w i t h  p l a n a r  m o l e c u l e s ,  w h ich  c a n n o t  be a d s o rb e d  by 
h y d ro g e n  bonds  o r  by an  i o n  exchange  m echan ism , i . e .  t h o s e  
w h ich  can  o n ly  b e  a d s o rb e d  by n o n - p o l a r  f o r c e s ,  a r e  a p p l i e d  
t o  t h e s e  two s u b s t r a t e s  u n d e r  i d e n t i c a l  c o n d i t i o n s ,  t h e y  
w ould be  e x p e c te d  t o  be  a d s o rb e d  more r e a d i l y  by c e l l u l o s e  
t h a n  by c h i t i n .
T h is  i s  co n f irm e d  by  t h e  r e s u l t s  o f  t h e  e x p e r im e n ts  
w i th  b en zen e  s u lp h o n ic  a c i d ,  n a p h t h a l e n e - 2 - s u lp h o n i c  a c i d ,  
a n t h r a c e n e - 1 - s u lp h o n i  c a c i  d , and a n t h r a q u i n o n e - 2 - s u lp h o n i  c 
a c i d ,  and  t h e i r  sodium  s a l t s .  They show i n c r e a s i n g  
a f f i n i t y  f o r  c e l l u l o s e  w i t h  i n c r e a s i n g  m o le c u la r  s i z e  
( P i g . 5 a ) ,  t h e  s m a l l e s t  m o le c u le ,  b e n z e n e  s u lp h o n ic  a c i d ,  i s  
i n  f a c t  n o t  a d s o rb e d  a t  a l l .  They a r e  a d s o rb e d  by c h i t i n  
to  n e a r l y  e q u a l ,  and c o n s i d e r a b l e ,  e x t e n t s  ( P i g . 6 and  7)
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a s  f r e e  a c i d s  by i o n  e x c h a n g e ,  t h e i r  sod ium  s a l t s  b e in g  
l e s s  a d s o rb e d ;  w h i le  a t  £H 9> w here  t h e  i o n  exch ang e  
r e a c t i o n  i s  i n h i b i t e d ,  no a d s o r p t i o n  can  be d e t e c t e d .
The n o rm a l  i s o th e r m s  o f  t h e  s u l p h o n ic  a c i d s  o f  
n a p h t h a l e n e ,  a n th r a c e n e  and  a n th r a q u in o n e  and t h e i r  sodium  
s a l t s  on c e l l u l o s e  d i f f e r  ( P i g . 5 a ) .  However when p l o t t e d  
w i t h  r e l a t i v e  s o l u b i l i t y  ( i . e .  a c t u a l  c o n c n . / s a t u r a t i o n  
c o n c n . )  a s  a b s c i s s a  ( P i g .5 b )  t h e y  a p p ro a c h  e a c h  o t h e r  more 
c l o s e l y .  By t h i s  m ethod o f  p l o t t i n g  t h e  i n f l u e n c e  o f  t h e  
s o l v e n t  upon  a f f i n i t y  i s  c a n c e l l e d  o u t  and any d i f f e r e n c e s  
w h ich  a p p e a r  b e tw e e n  s o l u t e s  may be a t t r i b u t e d  s o l e l y  t o  
r e a l  d i f f e r e n c e s  i n  s o l u t e - s u b s t r a t e  i n t e r a c t i o n .  At t h e  
same r e l a t i v e  s o l u b i l i t y  v a l u e s  t h e  am ount o f  a n t h r a c e n e  
and  a n th r a q u in o n e  s u l p h o n a t e s  a d s o rb e d  a r e  more th a n  t h o s e  
o f  t h e  c o r r e s p o n d in g  n a p h th a l e n e  com pounds, w h ich  may be  
a t t r i b u t e d  t o  t h e  l a r g e r  m o le c u la r  s i z e  o f  t h e  fo rm e r  w i t h  
c o n s e q u e n t ly  g r e a t e r  p o s s i b i l i t y  o f  a d s o r p t i o n  by v a n  d e r  
W aals f o r c e s .  C o n s id e r in g  a l s o  t h e  sh a p e  o f  t h e  i s o t h e r m s ,  
i t  can  be  s e e n  t h a t  w h i le  t h e  n a p h t h a l e n e  s u lp h o n a te d  com­
p oun ds  g iv e  8 - sh ap e  i s o t h e r m s ,  t h e  a n t h r a c e n e  and a n t h r a ­
q u in o n e  compounds g iv e  o r d i n a r y  L a n g m u ir -s h a p e  c u r v e s .
T h is  may be e x p la in e d  on t h e  l i n e s  o f  t h e  h y p o t h e s i s  o f  
G i l e s  and MacEwan a s  show ing  t h a t  t h e  a f f i n i t y  f o r  t h e  
s u b s t r a t e ,  o f  t h e  a n th r a q u in o n e  and a n th r a c e n e  compounds 
i s  g r e a t e r  t h a n  t h a t  o f  t h e  n a p h th a l e n e  com pounds, and th e y
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a r e  c o n s e q u e n t ly  b e t t e r  a b l e  t o  d i s p l a c e  a d s o rb e d  s o l v e n t  
( w a te r )  from  t h e  s u r f a c e .
S u lp h o n a te d  Compounds w i th  A d d i t i o n a l  P o l a r  G ro u p s .
These com pounds, com pared w i th  t h e  fo rm e r  c l a s s ,  
w ould be  e x p e c te d  t o  b eh av e  r a t h e r  d i f f e r e n t l y  to w a rd s  
c h i t i n  b e c a u s e  o f  p o s s i b l e  h y d ro g e n  b o n d in g  e f f e c t s ,  b u t  
r a t h e r  s i m i l a r l y  to w a rd s  c e l l u l o s e .
A l i z a r i n e - 3 - s u l p h o n a t e  (Na s a l t ) ,  g iv e s  r e s u l t s  i n  
a c c o rd a n c e  w i t h  p r e d i c t i o n  when com pared w i th  a n t h r a c e n e  
and  a n th r a q u in o n e  s u l p h o n a t e s .  On c e l l u l o s e  i n  £H 9 
b u f f e r  ( P i g . 8 and 9) a l l  t h e s e  compounds b eh a v e  v e r y  
s i m i l a r l y  and t h e r e  i s  no e v id e n c e  t h a t  h y d ro g e n  b o n d in g  
g ro u p s  i n c r e a s e  a f f i n i t y .  They a r e  a d s o rb e d  t o  a  lo w e r  
e x t e n t  fro m  £H 9 s o l u t i o n s  t h a n  from  a c i d  and n e u t r a l  s o l u ­
t i o n s  p re su m a b ly  due t o  t h e  i n c r e a s e  o f  t h e  n e g a t i v e  c h a rg e  
on  c e l l u l o s e  u n d e r  a l k a l i n e  c o n d i t i o n s ,  w i th  a  c o n s e q u e n t  
i n c r e a s e  i n  r e p u l s i o n  b e tw e e n  c e l l u l o s e  and  t h e  s o l u t e  
a n i o n s .  On c h i t i n  how ever a t  £H 9 t h e  h y d ro x y -g ro u p s  i n  
a l i z a r i n  s u lp h o n a te  m a rk e d ly  i n c r e a s e  t h e  a d s o r p t i o n  
( P i g . 8 ) ;  t h e  q u in o n e  g ro u p s  a p p e a r  n o t  t o  do s o ,  p re su m a b ly  
th e y  have  weak b o n d in g  p r o p e r t i e s  i n  w a t e r .
The a f f i n i t y  o f  2 - n a p h t h o l - 6 - s u l p h o n i c  a c i d  i s  l e s s  
t h a n  t h a t  o f  n a p h t h a l e n e - 2 - s u lp h o n ic  a c i d ,  f o r  b o t h  c e l l u l o s e  
and c h i t i n  (P ig .  10, 5 and 6 ) .  T h is  anom aly  may be
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a t t r i b u t e d  t o  d i m é r i s a t i o n  o f  t h e  h y d ro x y —compound by 
i n t e r m o l e c u l a r  h y d ro g e n .  The low  a d s o r p t i o n  on c h i t i n  
i s  t h e n  a c c o u n te d  f o r  by  t h e  d im er  h a v in g  more r e s t r i c t e d  
a c c e s s  t o  t h i s  h i g h l y  c r y s t a l l i n e  s u b s t r a t e ;  and on 
c e l l u l o s e  by  t h e  d i s c o n t i n u i t y  o f  t h e  c o n ju g a te d  s t r u c t u r e  
b e tw e e n  t h e  two m o le c u le s  o f  t h e  d im e r ,  due t o  n o n - p l a n a r i t y  
The s o l u b i l i t y  o f  t h e  hydroxy-com pound  was fo u n d  t o  be  lo w e r  
t h a n  th e  s u lp h o n ic  a c i d  (38g . and  192g. p e r  l i t r e  r e s p e c t ­
i v e l y  a t  5 0 ^ 0 . ) ,  and was i n  f a c t  fo u n d  to  be  to o  low  f o r  a  
r e l i a b l e  m o le c u l a r  w e ig h t  d e t e r m i n a t i o n  t o  be  made.
No a d s o r p t i o n  o f  2 - n a p h th o l  d i s s o l v e d  i n  50^ a q u e o u s  
e t h a n o l  o c c u r s  on c e l l u l o s e ,  th o u g h  2 - n a p h t h o l - 6 - s u l p h o n i c  
a c id  i s  a d s o rb e d  fro m  t h e  same s o l v e n t  ( P i g . 1 0 ) .  The 
s u lp h o n a te  g roup  may e n a b le  t h e  s o l u t e  t o  d i s s o l v e  i n  t h e  
w a te r  a tm o sp h e re  a t t a c h e d  t o  t h e  c e l l u l o s e  c h a in s  so t h a t  
a  c l o s e  enough a p p ro a c h  can  b e  made f o r  v a n  d e r  W aals 
a d s o r p t i o n  f o r c e s  t o  become s i g n i f i c a n t .  D e r b y s h i r e  and 
P e t e r s  (1955) h ave  o f f e r e d  a  s i m i l a r  e x p l a n a t i o n  f o r  t h e  
a d s o r p t i o n  o f  i o n i s e d  d y es  by c e l l u l o s e .
S u lp h o n a te d  A z o -d y e s .
4 -H y d ro x y a z o b e n z e n e -4 ' - s u l p h o n i c  a c i d  (Na s a l t )  i s  
a d s o rb e d  fro m  a q u e o u s  s o l u t i o n  to  a  c o n s i d e r a b l e  e x t e n t  
on c h i t i n  ( a b o u t  50 t im e s  more t h a n  on c e l l u l o s e ,  P i g .  12 
and  P i g . 7 o f  P a r t  I ) .  The r e l a t i v e l y  s m a l l  a d s o r p t i o n
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v a l u e  on c e l l u l o s e  may be  due t o  t h e  c o m p a r a t iv e ly  s m a l l  
m o le c u le  o f  t h e  s o l u t e  and t h e  c o n s e q u e n t  v e r y  s m a l l  
p h y s i c a l  f o r c e  o f  a t t r a c t i o n .
A d s o r p t io n  o f  a n i l i n e  ^ n a p h t h i o n i c  a c i d  (Na
s a l t )  was com pared w i th  t h a t  o f  t h e  " d o u b le "  m o le c u le  Congo
Red ( b e n z i d i n e -------------^ ( n a p h t h i o n i c  a c i d ) g ) . The two
d y e s  hav e  i d e n t i c a l  h y d ro g e n  b o n d in g  g ro u p s ,  b u t  t h e  secon d  
dye s h o u ld  h ave  much enh anced  v a n  d e r  W aals a f f i n i t y  com­
p a r e d  w i t h  t h e  f i r s t ,  by v i r t u e  o f  i t s  g r e a t e r  m o le c u l a r  
a r e a ,  l i n e a r i t y  and h i g h e r  c o n j u g a t i o n .  At £H 9> i o n  
ex ch an g e  by  c h i t i n  b e in g  s u p p r e s s e d ,  t h e  s ec o n d  dye i s  
a d s o rb e d  a  l i t t l e  more t h a n  t h e  f i r s t  by  c h i t i n  ( P i g .1 1 b ) ,  
b u t  t h e  seco n d  i s  a d s o rb e d  v e r y  c o n s i d e r a b l y  more t h a n  t h e  
f i r s t  by c e l l u l o s e  from  b o t h  n e u t r a l  and £H 9 s o l u t i o n s  
( P i g . 1 1 a ) .  T h is  i s  an  i n d i c a t i o n  t h a t  c e l l u l o s e  can  e x e r t  
i n c r e a s e d  v an  d e r  W aals a t t r a c t i o n  by  v i r t u e  o f  t h e  more 
r e g u l a r  o u t l i n e  o f  i t s  m o le c u l a r  c h a in ;  i t  i s  a l s o  an  
i n d i c a t i o n  o f  t h e  neg lijgp ib le  e f f e c t  o f  p o l a r  f o r c e s  i n  
a d s o r p t i o n  on c e l l u l o s e .  I n  n e u t r a l  s o l u t i o n  b o th  dyôs  a r e  
c o n s i d e r a b l y  a d s o rb e d  by c h i t i n ,  m a in ly  by  an  i o n  ex ch an g e  
m echan ism .
I n  t h e  s e r i e s  o f  compounds I  -  V II  i t  seem s t h a t  t h e  
a d s o r p t i o n  r e s u l t s  on c e l l u l o s e  fro m  aq u e o u s  s o l u t i o n  v a r y  
a c c o r d i n g  t o  m o le c u la r  s i z e  and t h e  num ber o f  s u lp h o n ic  
g ro u p s  ( P i g . 1 2 ) .
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The f i r s t  two compounds have s i m i l a r  g ro u p s ,  t h e  
d i f f e r e n c e  b e i n g  o n ly  i n  m o le c u la r  s i z e ,  b u t  I I  i s  
a d s o rb e d  more t h a n  I .  Compounds I I  and I I I  have  
a b o u t  t h e  same m o le c u la r  s i z e ,  y e t  t h e  l a t t e r  i s  l e s s  
a d s o r b e d . I t  may be t h a t  t h e  a d d i t i o n  o f  one more 
s u l p h o n ic  g roup  i n c r e a s e s  w a te r  s o l u b i l i t y  so much t h a t  t h e r e  
i s  a  c o r r e s p o n d in g  lo w e r  a d s o r p t i o n .  T h is  s t a t e m e n t  h o ld s  
good o n ly  f o r  a d s o r p t i o n  from  w a te r  s o l u t i o n  and e n t i r e l y  
d i f f e r e n t  r e s u l t s  m ig h t be  o b ta in e d  w i th  o r g a n ic  s o l v e n t s .
The d y es  from  I I I  -  V II have  t h e  same num ber o f  
s u lp h o n a te  g ro u p s  ( th o u g h  t h e i r  p o s i t i o n  and t h e  c o m p le x i ty  
o f  t h e  m o le c u le s  a f f e c t  s o l u b i l i t y  t o  a  g r e a t  e x t e n t )  and 
a r e  a l l  a d s o rb e d  by c e l l u l o s e .  Dye V i s  a d s o rb e d  to  a  
much g r e a t e r  e x t e n t  t h a n  I I I  and IV , w h ich  a r e  a d s o rb e d  t o  
a b o u t  t h e  same e x t e n t .  T h is  i l l u s t r a t e s  t h a t  t h e  -CONH- 
g roup  i s  r e l a t i v e l y  i n a c t i v e  i n  p ro m o t in g  a d s o r p t i o n  and 
t h a t  t h e  d e g re e  o f  c o n j u g a t i o n  i n  t h e  s o l u t e  m o le c u le  i s  
much more c r i t i c a l *  T h is  v ie w  i s  s u p p o r te d  by t h e  work 
o f  K r a s n o v i t s k i i  e t  a l . ,  and K r i z i k a l l a  and E i s t e r t .
Dyes V and VI hav e  a b o u t  t h e  same m o l e c u l a r  a r e a ,  b u t  t h e  
l a t t e r  h a s  more a f f i n i t y  f o r  c e l l u l o s e .  T h is  may be due 
to  t h e  f a c t  t h a t  s u b s t a n t i v i t y  i n c r e a s e s  w i th  t h e  l e n g t h  
and  l i n e a r i t y  o f  t h e  m o le c u la r  c h a in  o f  t h e  d y e . Congo Red 
(Dye V II )  how ever, w h ich  i s  a  t y p i c a l  d i r e c t  c o t t o n  d y e , i s
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t h e  m ost adsorbed , b e c a u s e  i t  h a s  t h e  l o n g e s t  c o n ju g a te d  
s t r u c t u r e  o f  t h o s e  s t u d i e d  d u r i n g  t h e  p r e s e n t  w ork .
S u lp h a te  E s t e r s  o f  L euco - V at Dyes.
I n  o r d e r  t o  exam ine t h e  i n f l u e n c e  o f  v e r y  l a r g e  
m u l t i - n u c l e a r  m o le c u le s ,  sa m p le s  o f  t h e  s u l p h a t e  e s t e r s  o f  
t h e  l e u  C O - compounds o f  f l  a v a n t  h r  one and p y r a n th r o n e  w ere  
ex am ined .
OSO^Na
E l  a v a n t  h r  one le u c o  
s u l p h a t e  e s t e r .
OSO^Na
P y r a n th r o n e  l e u c o  
s u l p h a t e  e s t e r .
The p y r a n th r o n e  compound u n f o r t u n a t e l y  p ro v e d  t o  be  
t o o  i n s o l u b l e  even  a t  9 f o r  any  r e l i a b l e  r e s u l t  t o  be 
o b t a i n e d .  The o t h e r  m a t e r i a l  i s  a d s o rb e d  c o n s i d e r a b l y  
m ore on  c h i t i n  t h a n  on c e l l u l o s e  ( P i g . 1 3 ) .  S in c e  c h i t i n  
can  c e r t a i n l y  e x e r t  no s t r o n g e r  v a n  d e r  W aals a t t r a c t i o n  
th a n  c e l l u l o s e  can  f o r  su c h  a  compound, t h e  r e s u l t  i s
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a n o t h e r  i n d i c a t i o n  o f  t h e  much h i g h e r  p o l a r  a f f i n i t y  o f  
c h i t i n .
A lth o u g h  t h e  f l a v a n t h r o n e  m o le c u le  i s  a b o u t  t h e  same 
s i z e  a s  t h a t  o f  Congo Red, t h e  l a t t e r  i s  more s u b s t a n t i v e  
on  c e l l u l o s e  u n d e r  t h e  same c o n d i t i o n s .  T h is  may b e  due 
t o  t h e  f a c t  t h a t  Congo Red p o s s e s s e s  a  l a r g e r  c h a i n - l i k e  
m o le c u l e ,  w h ich  can  l i e  c l o s e  up  t o  t h e  c e l l u l o s e  c h a in ,  
t h u s  t h e  a t t r a c t i v e  f o r c e s  w i l l  be more e f f e c t i v e  i n  
h o l d i n g  t h e  two t o g e t h e r  t h a n  would be  t h e  c a s e  i f  t h e  dye 
was n o t  l i n e a r .
A f f i n i t y  M easu rem en t.
The a f f i n i t y  o f  some o f  t h e  compounds u s e d  f o r  
c e l l u l o s e  i n  t h e  p r e s e n t  work h a s  b e e n  c a l c u l a t e d  fro m  t h e  
e x p r e s s i o n  -
-  A , u  = RT ( I n  [D]p + Z I n  [U a jp  -  I n  [l)]g
-  Z I n  [Na] g -  (Z + 1 ) I n  V)
( V i c k e r s t a f f ) ,  w here  [ dJ -  and [l)]g  a r e  t h e  c o n c e n t r a t i o n s  
o f  dye i n  t h e  f i b r e  and  i n  s o l u t i o n  r e s p e c t i v e l y ,  [N a jp  
and  [N a ]g a r e  t h e  c o r r e s p o n d in g  sodium  i o n  c o n c e n t r a t i o n s ,
and  Z i s  t h e  v a l e n c y  o f  t h e  dye a n io n .  7  i s  t h e  "v o lu m e"
te rm  r e p r e s e n t i n g  t h e  e f f e c t i v e  vo lum e o f  w a te r  i n  t h e  
s u b s t r a t e  ( i n  l i t r e s  / k g . ) ,  and h a s  b e e n  g iv e n  t h e  v a l u e  o f  
0 .2 2  1 /k g .  f i b r e  ( Y i c k e r s t a f f  ) .
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I f  t h e  a f f i n i t y  o f  t h e s e  a n i o n i c  compounds i s  
e n t i r e l y  due t o  v a n  d e r  W aals a t t r a c t i o n  b e tw e e n  t h e  
c e l l u l o s e  m o le c u la r  c h a in s  and t h e  a r o m a t i c  n u c l e i  o f  t h e  
a n i o n s  t h e n  t h e r e  sh o u ld  be  a  r e l a t i o n s h i p  b e tw e en  t h e  
a f f i n i t y  and some p h y s i c a l  p r o p e r t y  o f  t h e  a n io n s  c o n n e c te d  
w i t h  t h e i r  v a n  d e r  W aals a t t r a c t i o n .  Two s u c h  p r o p e r t i e s  
h av e  b e e n  c o n s id e r e d  h e r e :
( i )  The e x t i n c t i o n  c o e f f i c i e n t .  P e t e r s  and Sumner fo u n d  
a  l i n e a r  r e l a t i o n s h i p  b e tw een  t h e  a f f i n i t i e s  f o r
c e l l u l o s e  o f  a  r a n g e  o f  v a t  dy es  and t h e  l o g a r i t h m s  o f  
t h e i r  e x t i n c t i o n  c o e f f i c i e n t s .  They a rg u e d  t h a t  t h i s  
i d e n t i f i e d  v a n  d e r  W aals a t t r a c t i o n  a s  t h e  s o u r c e  o f  t h e  
a f f i n i t y ,  s i n c e  B raude  h a s  p ro v e d  a  r e l a t i o n s h i p  b e tw e en  
t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  TT - e l e c t r o n  s y s te m  i n  a  
m o le c u le ,  on w h ich  i t s  v a n  d e r  W aals a t t r a c t i o n  f o r  a  
s u r f a c e  s h o u ld  d ep en d , and t h e  l o g a r i t h m  o f  t h e  e x t i n c t i o n  
c o e f f i c i e n t .
( i i )  The p l a n a r  a r e a  o f  t h e  a n io n .  The v a n  d e r  W aals 
a t t r a c t i o n  m ig h t a l s o  b e  e x p e c te d  to  depend upon  t h e
a r e a  o f  t h e  dye a n io n  i n  c o n t a c t  w i t h  t h e  c e l l u l o s e .  T h is  
a r e a  was m easu red  from  m odels  a s  t h e  c r o s s - s e c t i o n  o f  t h e  
s m a l l e s t  e n c l o s i n g  r e c t a n g l e  ro u n d  t h e  a n io n ,  w h ich  i s  
s u p p o se d  t o  b e  l y i n g  f l a t  on t h e  c e l l u l o s e  s u r f a c e .
B o th  p l o t s  a r e  l i n e a r  ( P i g . 14, T a b le  5)* I t  i s
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t h e r e f o r e  c o n f irm e d  t h a t  t h e  a f f i n i t y  o f  t h e s e  d y es  f o r  
c e l l u l o s e  o r i g i n a t e s  i n  p h y s i c a l  a t t r a c t i o n  a l o n e .  P e t e r s  
and Sumner fo u n d  t h a t  v a t  d y e s  w i th  t h e  h e n z o y la m in o -g ro u p  
h av e  c o n s i s t e n t l y  h i g h e r  a f f i n i t i e s  t h a n  t h o s e  w i th o u t  
when p l o t t e d  on th e  b a s i s  d e s c r i b e d ,  and  a t t r i b u t e d  t h e  
d i f f e r e n c e  t o  h y d ro g e n  b o n d in g  b e tw e en  t h i s  g ro u p  and 
c e l l u l o s e ,  th o u g h  th e y  a l s o  m e n t io n  t h a t  i n c r e a s e d  
c o n j u g a t i o n  t h r o u g h  t h i s  g ro u p  i n  t h e  e n o l - f o r m  c o u ld  
a c c o u n t  f o r  i t  ( s u b s t i t u t i o n  o f  t h e  h y d ro g e n  atom  i n  t h e  
-CONE- g rou p  i n  t h e  2 : 3 -h y d ro x y n a p h th o io  a c i d  a n i l i d e s  
"N a p h th l  AS" compounds i s  known t o  r e d u c e  t h e i r  a f f i n i t y  
f o r  c e l l u l o s e  c o n s i d e r a b l y  ( s e e  Y i c k e r s t a f f ) .  T h is  w ould 
a l s o  be  c o n s i s t e n t  w i th  t h e  p h y s i c a l  a t t r a c t i o n  h y p o t h e s i s  
I n  P ig .  14 i t  c an  be s e e n  t h a t  t h e  dyes  w i t h  -GONE- g ro u p s  
do n o t  hav e  h i g h e r  a f f i n i t i e s  t h a n  th o s e  w i t h o u t ,  i n  f a c t  
t h e y  have  lo w e r  a f f i n i t y .
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CONOLUSIONS
C h i t i n  can  c l e a r l y  a d s o rb  s o l u t e s  by  h y d ro g é n  b o n d in g  
a s  w e l l  a s  by  io n - e x c h a n g e  and n o n - p o l a r  a t t r a c t i o n .  I t s  
n o n - p o l a r  v a n  d e r  W aals a d s o r p t i o n  p r o p e r t i e s  f o r  a r o m a t i c  
s o l u t e s  i n  w a te r  a r e  l e s s  i n t e n s e  t h a n  t h o s e  o f  c e l l u l o s e ,  
p re su m a b ly  b e c a u s e  i t  h a s  a  l e s s  r e g u l a r  m o le c u l a r  o u t l i n e ,  
t h u s  p r e v e n t i n g  so c l o s e  a n  a p p ro a c h  o f  a r o m a t i c  n u c l e i .
T h e re  i s  no e v id e n c e  o f  any  s i g n i f i c a n t  c o n t r i b u t i o n  
by h y d ro g e n -b o n d  r e a c t i o n  i n  a d s o r p t i o n  by  c e l l u l o s e .  T h is  
a g r e e s  w i t h  c o n c lu s io n s  f ro m  t h e  r e f r a c t i v e - i n d e x  i n v e s t i ­
g a t i o n s  on w a t e r - s o l u b l e  m odel c a r b o h y d r a t e s  a l r e a d y  
m e n t io n e d  and w i t h  m o n o la y e r  e x p e r im e n ts  (A ll in g h a m  a t  a l . ) ,  
w h ich  show t h a t  t h e  h y d ro x y  g ro u p s  i n  c e l l u l o s e  may be  to o  
f i r m l y  bound t o  w a te r  f o r  i n t e r m o l e c u l a r  b o n d in g  w i th  
s o l u t e s  t o  b e  p o s s i b l e .
A lo n g  p l a n a r  and c o n ju g a te d  m o le c u le  i s  e s s e n t i a l  
f o r  d y e in g  c e l l u l o s e  and t h i s  may be  t h e  r e s u l t  o f  t h e  n e e d  
f o r  h ig h  v a n  d e r  W aals a t t r a c t i o n  t o  h o ld  t h e  dye m o le c u le  
a lo n g s i d e  t h e  c e l l u l o s e  c h a i n ,  w here  a  l a y e r  o f  w a te r  i s  
i n t e r p o s e d .  R e g a rd in g  t h e  i n f l u e n c e  o f  s o l u t e - s u b s t r a t e  
s e p a r a t i o n  upon  v a n  d e r  W aals a t t r a c t i o n  i n  su c h  s y s te m s  
no q u a n t i t a t i v e  i n f o r m a t i o n  i s  a v a i l a b l e ,  b u t  C ou lson  and 
D av ie s  hav e  shown t h e o r e t i c a l l y  t h a t  t h e  i n t e r a c t i o n  e n e rg y  
b e tw e en  p a i r s  o f  p o ly e n e  m o le c u le s  v a r i e s  by  a b o u t  t h e
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t h i r d  pow er o f  t h e i r  l e n g t h  f o r  i n t e r m o l e c u l a r  s e p a r a t i o n s  
o
o f  a b o u t  4 A • The s e p a r a t i o n  o f  a  p l a n a r  a n io n  f o r  a
c e l l u l o s e  m o le c u le  su r ro u n d e d  by a  m o n o la y e r  o f  w a t e r
0
m o le c u le s  i s  b e tw e en  2 and 5 A , and i f  t h e  m u tu a l  a t t r a c ­
t i o n  i s  d e p e n d e n t  on c o n ju g a te  c h a in  l e n g t h  i n  dye a n io n s  
a s  i n  p o ly e n e s ,  t h e  r e a s o n  f o r  t h e  s u b s t a n t i v i t y  o f  d y es  
f o r  c e l l u l o s e  b e i n g  d e p e n d e n t  upon  t h e i r  p l a n a r i t y  and 
h ig h  c o n j u g a t i o n  i s  c l e a r .
The f o l l o w i n g  g e n e r a l  c o n c lu s io n s  can  be  draw n from  
t h e  p r e s e n t  w ork .
1) S im p le  hydroxy-com pound8, e . g .  m e th a n o l  and p h e n o l ,  
a r e  a d s o rb e d  by b o t h  s u b s t r a t e s  i n  a b s e n c e  o f  w a te r
by h y d ro g e n  b o n d in g .
2) P h e n o l ,  i n  aq u e o u s  s o l u t i o n ,  i s  a d s o rb e d  by c h i t i n  
by h y d ro g e n  b o n d in g ,  b u t  i s  u n a d s o rb e d  by c e l l u l o s e
b e c a u s e  o f  p r e f e r e n t i a l  a t t a c h m e n t  o f  w a t e r  t o  t h e  
s u b s t r a t e .
3) S im ple  s u lp h o n ic  a c i d s  a r e  n o t  a d s o rb e d  by c h i t i n  
when s a l t  f o r m a t i o n  i s  p r e v e n te d  by an  a l k a l i n e
b u f f e r ,  b u t  u n d e r  t h e  same c o n d i t i o n s  some a r e  a d s o rb e d  
on c e l l u l o s e .
4) F re e  s u lp h o n ic  a c i d s  o f  d i f f e r e n t  m o le c u la r  s i z e ,  
and w i th o u t  h y d ro g e n -b o n d in g  s u b s t i t u e n t  g r o u p s ,  a r e
a d s o rb e d  by c h i t i n  to  a p p r o x im a te ly  e q u a l  e x t e n t s  from
—7 8—
u n b u f f e r e d  s o l u t i o n s ;  on  c e l l u l o s e  some o f  them  a r e  
a d s o r b e d ,  b u t  s i n c e  n e i t h e r  h y d ro g e n  b o n d in g  n o r  s a l t  
f o r m a t i o n  can  t a k e  p l a c e ,  t h e  a d s o r p t i o n  m ust a r i s e  i n  
v a n  d e r  W aals f o r c e s ,  i n  a g re e m e n t w i t h  t h e  f a c t  t h a t  t h e  
a f f i n i t y  i n c r e a s e s  w i th  i n c r e a s i n g  m o le c u la r  a r e a  o f  t h e  
s o l u t e .
5) The e f f e c t  o f  h y d ro g e n -b o n d in g  g ro u p s  i n  d i f f e r e n t  
s o l u t e s  o f  s i m i l a r  m o l e c u l a r  a r e a  a p p l i e d  a t  £H 9>
i s  r e a d i l y  s e e n  i n  a )  a n t h r a q u i n o n e - 2 - s u lp h o n ic  a c i d ,  
b )  s u lp h o n a te d  a l i z a r i n  and c )  azo  d y es  c o n t a i n i n g  t h r e e  
b e n z e n e  n u c l e i .  A l l  t h e s e  compounds a r e  a d so rb e d  t o  a  
s i m i l a r  e x t e n t  by c e l l u l o s e ,  i r r e s p e c t i v e  o f  t h e  n a t u r e  o f  
t h e  s u b s t i t u e n t  g r o u p s ,  b u t  on c h i t i n  t h e  a d s o r p t i o n  
d i f f e r s  : t h e  h y d ro x y -  o r  a m in o -g ro u p s  p rom o te  s t r o n g e r
a d s o r p t i o n  t h a n  on c e l l u l o s e ,  b u t  t h e  p re su m a b ly  w eak er  
q u in o n e  g ro u p s  a r e  i n s u f f i c i e n t  t o  c a u se  any  a d s o r p t i o n  
a t  a l l .
6) I n c r e a s e  i n  l i n e a r i t y  and c o n j u g a t i o n  o f  t h e  s o l u t e  
m o le c u le  i n c r e a s e s  i t s  a f f i n i t y  f o r  c e l l u l o s e ,  and i t
seem s t h a t  t h e  w e ll-k n o w n  e f f e c t  o f  ami d o -g ro u p s  i n  im p ro v ­
i n g  t h e  s u b s t a n t i v i t y  o f  t h e  d y es  f o r  c e l l u l o s e  i s  due t o  
t h e i r  a c t i o n  i n  e n h a n c in g  c o n j u g a t i o n .
7 ) The c lo s e  a p p ro a c h  o f  t h e  s o l u t e  m o le c u le  n e c e s s a r y  t o  
e n s u re  v a n  d e r  W aals a d s o r p t i o n  i s  h e lp e d  more by  t h e
p l a n a r  s t r u c t u r e  o f  t h e  c e l l u l o s e  m o le c u le  t h a n  by t h e  l e s s  
p l a n a r  s t r u c t u r e  o f  c h i t i n .
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TABLE 1 .
la  -  A dsorption experim ents on c e l lu lo s e .
Compoimd P u r i t y S o l v e n t R e s u l t P ig .N o .
M e th a n o l A.R. B S 5
P h e n o l A.R. W NS
R e s o r c i n o l A.R. W NS
2 - K a p h th o l A.R. E1,W9 NS
2 - H y d r o x y a n th r a q u in o n e R W9 NS*
B enzene  s u l p h o n i c  a c i d A.R. W NS
N a p h t h a l e n e - 2 - s u l p h o n i c  a c i d 100^ W S 5
do .  (Na s a l t ) R W,E1 8 5
A n t h r a c e n e - 1- s u l p h o n i c  a c i d 97^ W S 5
do .  (Na s a l t ) R W,W9 S 5 i9
A n t h r a q u in o n e  2 - s u l p h o n i c  a c i d 99^ W s 5
d o . (Na s a l t ) R W,W9 s 5 ,9
2 - N a p h t h o l - 6 - s u l p h o n i c  a c i d 91^ W,E1 s 10
A l i z a r i n - 3 - s u l p h o n i c  a c i d  
(Na s a l t )
R W9 8 8
4 - Hydroxyaz oh enz e n e - 4 ' - s u l p h ­
o n i c  a c i d  (Na s a l t )
94^ W S 12
S u l p h a n i l i c  a c i d — ^ 2 - n a p h th o l -  
6 - s u l p h o n i c  a c i d  (Na s a l t )
- 98^ W S 12
Azo G-eranine 2G ( I . C . I . ) 91^ W S 12
A n i l i n e  2 : 5 - d i s u l p h o n i c  a c i d — = 
n a p h t o l  A . S . (Na s a l t )
^  90^ W S 12
P o n cea u  6RB 92^ W s 12
A n i l i n e ----- > n a p h t h i o n i c  a c i d 92^ W,W9 s 1 1 a , 12
Congo Red 94?5 W,W9 s 1 1 a , 12
l e u c o - P l a v a n t h r o n e  s u l p h a t e  
e s t e r
0 . 8 . W9 s 13
TABLE 1 (C on t'd )
1h -  A d so rp tio n  exp er im en ts  on c h i t i n .
Compound P u r i t y S o l v e n t R e s u l t P i g .  Ho.
M ethano l A.R. B S 3
P h e n o l A.R. W9 S 4
2 - Hydroxy a n t h r a q u i n o n e R W9 NS*
Benzene s u l p h o n i c  a c i d A.R. W 8 6
do. (Na s a l t ) R W9 NS
N a p h t h a l e n e - 2 - s u l p h o n i c  a c i d 100^ W S 6
d o . (Na s a l t ) R W9 NS
A n t h r a c e n e - 1 - s u l p h o n i c  a c i d 9ii> W 8 7
do .  (Na s a l t ) R W9 NS
A n t h r a q u i n o n e - 2 - s u l p h o n i c  a c i d 99^ W S 7
do. (Na s a l t ) R w S 7
do. do . R W9 NS
2 - N a p h t h o l - 6 - s u l p h o n i c  a c i d 91^ w S 6
A l i z a r i n - 3 - s u l p h o n i c  a c i d  
(Na s a l t )
R W9 8 8
A n i l i n e --------- > . n a p h t h i o n i c  a c i d
(Na s a l t )
92?S W,W9 8 11b
Congo Red W,W9 8 11b
l e u c o - P l a v a n t h r o i i e  s u l p h a t e 0 .8 . W9 8 15
A b b r e v i a t i o n s : -
S o l v e n t s t B = B enzen e ;  E l  = 50^ E t h a n o l ;  W = D i s t i l l e d  
w a t e r ;  W9 = W ater  b u f f e r e d  t o  9*
S o l u t e s ; A .R .=  A n a l y t i c a l  r e a g e n t ;  R = Re c r y s t a l l i s e d ;
O .S .=  Commercial  s u b s t a n c e .
S = a d s o r b e d ;  NS = n o t  a d s o r b e d ;  NS*= d o u b t f u l  a d s o r p t i o n .
A l l  e x p e r i m e n t s  were  made a t  50^C. A l l  s o l u t i o n s  were  
k e p t  f o r  a b o u t  20 h r .  t o  r e a c h  e q u i l i b r i u m .
TABLE 2 .
Com parison  o f  r e s u l t s  : c e l l u l o s e  and c h i t i n
n P i g .N o .% C e l l u l o s e C h i t i n
M eth an o l B 40 385 264 3
P h e n o l W9 6 NS 20 4
B enzene  s u l p h o n i c  a c i d W 20 NS 270 6
N a p h t h a l e n e - 2 - s u l p h o n i c  a c i d w 20 9 . 5 258 5 ,6
d o . (Na s a l t  ) W9 — NS 5
A n t h r a c e n e - 1 - s u l p h o n i c  a c i d W 20 51 245 5 ,7
do .  (Na s a l t ) W 20 49 — 5
d o . do. ¥9 4 34 NS 9
A n t h r a q u i n o n e - 2 - s u l p h o n i c  a c i d W 20 43 245 5 ,7
d o .  (Na s a l t ) W 20 39 151 5 ,7
d o .  do. ¥9 4 18 NS 9
2 - N a p h t h o l - 6 - s u l p h o n i c  a c i d ¥ 20 7 247 1 0 ,6
A l i z a r i n - 3“ sxilphon i c a c i d  
(Na s a l t )
¥9 1 .2 9 2 3 . 5 8
A n i l i n e --------^ n a p h t h i o n i c
a c i d  (Na s a l t )
¥ 0 . 5 7 44 1 1 a , l i b
d o .   ^ do . ¥9 0 . 5 6 12 do .
Congo Red ¥ 0 .5 33 50 do.
d o . ¥9 0 . 5 30 18 do.
l e u c o - P l a v a n t h r o n e  s u l p h a t e  
e s t e r
¥9 0 . 6 6 24 13
N.B . Cg = E q u i l i b r i u m  b a t h  c o n c e n t r a t i o n  i n  m . m o l e / l i t r e .  
Cp = Amount a d s o r b e d  i n  m .m o le /k g .  o f  s u b s t r a t e .  
S o l v e n t  a b b r e v i a t i o n s  a s  i n  T a b le  1.
TABLE 5 .
— /U
Compound (k .  c a l / m l )
A re a
( h l o g  e
Congo Red 1 1 .4 308 4 .4 8 8 6
P o n cea u  6RB 8 . 6 236 4 .3 7 2 9
A n i l i n e - 2 ;  5 - d i  s u l p h o n i c  a c i d  
n a p h t o l  A .S . ( N a  s a i t )
7 . 8 267 4 .4 2 6 5
A n i l i n e  ----------> N a p h t h i o n i c
a c i d  (Na s a i t )
5.1 154 4 .1 8 7 5
Azo G e ra n in e  2 G 7 . 0 196 4 .2 9 2 3
S u l p h a n i l i c  a c i d  -------- >  2 - n a p h t h o l -
6 - s u l p h o n i c  a c i d  (Na s a i t )
• 6 .5 170 4 . 2 3 0 4
4 - H y d r o x y a z o h e n z e n e - 4 ' - s u l p h o n i c  
a c i d  (Na s a i t )
2 . 8 112 4 . 0 4 9 2
N a p h t h a l e n e - 2 - s u l p h o n i c  a c i d  
(Na s a i t )
1 .2 8 88
A n t h r a c e n e - 1 -  s u l p h o n i  c a c i d  
(Na s a i t )
6 .5 6 117
A n t h r a q u i n o n e - 2 - s u l p h o n i  c a c i d  
(Na s a i t )
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INTRODTJCTION
The mechaxiism o f  a d s o r p t i o n  o f  o r g a n i c  compounds f ro m  
s o l u t i o n s  by  i n o r g a n i c  s o l i d s  h a s  b ee n  l i t t l e  s t u d i e d  and 
what h a s  b e e n  r e p o r t e d  i s  n o t  v e r y  c o n c l u s i v e .  The r e a c ­
t i o n  o f  a c i d  and b a s i c  d y es  t o w a r d s  g l a s s  was i n v e s t i g a t e d  
by L e n o i r ,  who c o n c lu d e d  t h a t  w h i l e  a c i d  dy es  a r e  n o t  
a d s o r b e d ,  b a s i c  d y es  a p p e a r e d  t o  be  a d s o r b e d  by some a c i d -  
b a s e  r e a c t i o n .  He a l s o  s u g g e s t e d  t h a t  d yes  f o rm in g  t r u e  
s o l u t i o n s  a r e  a d s o r b e d  a s  m o n o la y e r s ,  w h i l e  t h o s e  f o r m in g  
c o l l o i d a l  s o l u t i o n s  a r e  a d s o r b e d  i n  m u l t i l a y e r s .  R e c e n t  
work i n  t h i s  l a b o r a t o r y  ( J a i n )  seems t o  show t h a t  i n  t h e  
a d s o r p t i o n  o f  b a s i c  d y es  by s i l i c a  a  m o n o la y e r  o f  dye 
m i c e l l e s  i s  fo rm e d .  H a r k in s  and Gaus (1935) a d s o rb e d  
o l e i c  a c i d  from  b e n z e n e  s o l u t i o n  on s i l i c a  and t i t a n i a  
pow ders  and fo u n d  t h a t  i f  a  m o n o la y e r  was assumed t h e n  t h e  
a d s o r b e d  m o l e c u l e s  must  have  b e e n  c l o s e - p a c k e d  and s t a n d i n g  
on edge p e r p e n d i c u l a r  t o  t h e  s u r f a c e .
On t h e  a s s u m p t io n  t h a t  v a p o u r  p h a s e  a b s o r p t i o n  p ro d u c ­
e s  l a y e r s  one m o l e c u l e  i n  t h i c k n e s s ,  L angm uir  o b t a i n e d  h i s  
w e l l -k n o w n  r e l a t i o n  f o r  t h e  a d s o r p t i o n  o f  a  g as  a t  t h e  
s u r f a c e  o f  a  s o l i d .  The s u r f a c e  i s  su p p o se d  t o  c o n s i s t  o f  
a  number o f  s i t e s  e a c h  o f  w h ich  can  accommodate a  m o le c u le  
o f  t h e  g a s .  I f  N i s  t h e  number o f  s u c h  s i t e s  i n  u n i t  a r e a  
o f  t h e  s u r f a c e  and 0 i s  t h e  f r a c t i o n  o c c u p ie d  by gas
- 8 0 -
m o l e c u l e s  a t  e q u i l i b r i u m ,  t h e  r a t e  o f  a d s o r p t i o n  o f  t h e  
g a s ,  b e i n g  p r o p o r t i o n a l  t o  i t s  p r e s s u r e  a n d . t o  t h e  number 
o f  o c c u p ie d  s p a c e s  w i l l  be N(1 ) p ,  and  t h e  r a t e  a t
w h ich  a d s o r b e d  m o l e c u l e s  l e a v e  t h e  s u r f a c e ,  t o  t h e  number 
o f  o c c u p ie d  s p a c e s ,  v i z .  F 9 . At e q u i l i b r i u m  t h e  r a t e s
o f  a d s o r p t i o n  and  o f  d e s o r p t i o n  m ust  be e q u a l ,  so t h a t  
KW(l -  9 )p = N 0 , o r  9 / ( 1  -  0 ) = Kp, w here  K i s  
a  c o n s t a n t  w h ich  dep end s  on t h e  t e m p e r a t u r e .
B a r t e l l  and M i l l e r  (1 9 2 2 ) ,  i n  a d s o r p t i o n  s t u d i e s  on 
s i l i c a  and c h a r c o a l ,  fo un d  t h a t  s a l t s  o f  b a s i c  d y e s  become 
a c i d  i n  s o l u t i o n  due t o  p r e f e r e n t i a l  a d s o r p t i o n  o f  l a r g e  
o r g a n i c  c a t i o n s ,  w h i l e  t h o s e  o f  a c i d  d y e s  become a l k a l i n e .  
I t  was a l s o  fo u n d  t h a t  t h e  amount o f  t h e  dye a d s o r b e d  
d e p e n d s  on t h e  c h a rg e  on t h e  a d s o r b e n t  s u r f a c e  r e l a t i v e  t o  
t h a t  o f  t h e  s o l u t i o n  i n  w h ich  i t  i s  im m ersed ,  and t h a t  i n  
t h e  c a s e  o f  a d s o r p t i o n  o f  b a s i c  d y es  on s i l i c a  t h e  q u a n t i t y  
a d s o r b e d  d epend s  on t h e  £H o f  t h e  s o l u t i o n ,  d e c r e a s i n g  a s  
t h e  £H i n c r e a s e s .  P r e u n d l i c h  a l s o  fo u n d  t h a t  p o s i t i v e l y  
c h a rg e d  s u r f a c e s  w i l l  p r e f e r e n t i a l l y  a d s o r b  a n i o n s  w h i l e  
n e g a t i v e l y  c h a rg e d  s u r f a c e s  w i l l  a d s o r b  c a t i o n s .
I n v e s t i g a t i o n  o f  a d s o r p t i o n  on g r a p h i t e  by M acau lay  
showed t h a t  b o t h  b a s i c  and a c i d  d y es  a r e  a d s o r b e d .  T h is  
i n t e r e s t i n g  f a c t  o b v i o u s l y  c r e a t e s  d i f f i c u l t i e s  i f  a d s o r p ­
t i o n  i s  t o  be  e x p l a i n e d  o n ly  by i o n i c  a t t r a c t i o n .
G r a p h i t e  a c q u i r e s  a  n e g a t i v e  c h a rg e  when i n  c o n t a c t
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w i t h  w a t e r  (M a c a u la y ) .  A c c o rd in g  t o  H e lm h o l tz  (1 8 7 9 ) ,  
a t  a  s o l i d - l i q u i d  i n t e r f a c e  t h e r e  e x i s t s  an  e l e c t r i c a l  
d o u b l e  l a y e r  c o n s i s t i n g  o f  two d i f f e r e n t l y  c h a rg e d  l a y e r s .  
L a t t e r l y ,  t h i s  t h e o r y  was m o d i f i e d  by S t e r n ,  who s u g g e s t e d  
t h a t  t h e  d i f f u s e  d o u b le  l a y e r  c o m p r i s e s  two p a r t s ;  one o f  
w h ic h  c o n s i s t s  o f  i o n s ,  one m o le c u le  deep  a d h e r i n g  c l o s e  
t o  t h e  s o l i d  s u r f a c e  and h a v i n g  a  s h a r p  f a l l  i n  p o t e n t i a l .
The r e s u l t i n g  e l e c t r i c  f i e l d  a t  t h e  s o l i d  s u r f a c e  c r e a t e s  
a  p r e f e r e n t i a l  a t t r a c t i o n  o f  o p p o s i t e l y  c h a rg e d  i o n s  and  a  
g r a d u a l  f a l l  o f  p o t e n t i a l  i n t o  t h e  b u l k  o f  t h e  l i q u i d .
T h i s  r e g i o n  o f  g r a d u a l  p o t e n t i a l  f a l l  c o n s t i t u t e s  t h e  s e c o n d ,  
d i f f u s e  l a y e r .
The n e g a t i v e  p o t e n t i a l  o f  g r a p h i t e  i n  w a t e r  may be due 
t o  t h e  f i r m  a t t a c h m e n t  o f  h y d r o x y l  i o n s  t o  t h e  c r y s t a l  s u r ­
f a c e ,  w i t h  an  e q u i v a l e n t  number o f  p o s i t i v e  i o n s ,  some h e l d  
i n  t h e  f i x e d  l a y e r  and t h e  r e m a i n d e r  i n  t h e  d i f f u s e  l a y e r .
The n e g a t i v e  c h a rg e  c o u ld  t h u s  b e  r e s p o n s i b l e  t o  some e x t e n t  
f o r  t h e  a d s o r p t i o n  o f  d y es  on g r a p h i t e  b u t  i t  i s  e v i d e n t  
t h a t  i f  su c h  i s  t h e  c a s e  o n l y  p o s i t i v e  i o n s ,  i . e .  b a s i c  d y e s ,  
w i l l  be  a d s o r b e d  u n l e s s  o f  c o u r s e  t h e r e  i s  t h e  c o m p l i c a t i o n  
o f  mixed a d s o r p t i o n .
The work o f  P e r r i n ,  H aber  and  K le m e n s i e w ic z , Cameron 
and  O e t t i n g e r  and o t h e r s  h a s  shown t h a t  b o t h  H"*" and OH" i o n s  
i m p a r t  t o  t h e  s u r f a c e  a  c h a r g e  o f  t h e  s i g n  t h e y  c a r r y .  They 
assum ed  t h e  o p e r a t i o n  o f  some f o r c e  h o l d i n g  t h e s e  i o n s  on
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t h e  s u r f a c e  and c o n s i d e r e d  t h a t  an  a d s o r b e d  l a y e r  o f  w a t e r  
i s  h e l d  a t  t h e  s u r f a c e  a s  a  r e s u l t  o f  w h ich  t h e  s u r f a c e  
may f u n c t i o n  a s  a  compound and  r e v e r s i b l e  t y p e  o f  h y d ro g e n  
and h y d r o x y l  e l e c t r o d e .  T h i s  v iew  was s u p p o r t e d  by  B a r t e l l  
and M i l l e r  (1924) who gave t h e  f o l l o w i n g  e x p l a n a t i o n  f o r  
a d s o r p t i o n  on c h a r c o a l  -
1 ) I n  w a t e r  s o l u t i o n  H'*’ and 0H“  i o n s  a r e  h e l d  a d s o r b e d  i n  
a more o r  l e s s  d e f i n i t e  and r e g u l a r  a r r a n g e m e n t .
2) The h y d r o x y l  i o n s  t h u s  h e l d  can  be d i s p l a c e d  by a l m o s t  
any  a n i o n  and a r e  m ost  r e a d i l y  d i s p l a c e d  by o r g a n i c  
a n i o n s .
5) The h y d ro g e n  i o n s  t h u s  h e l d  can  be d i s p l a c e d  t o  any
a p p r e c i a b l e  e x t e n t  o n l y  by c a t i o n s  l a r g e r  t h a n  h y d ro g e n .
4) R a d i c a l s  c o n t a i n i n g  h y d r o c a r b o n  g ro u p s  r e a d i l y  d i s p l a c e  
e i t h e r  H'*’ o r  OH* i o n s .  The l a r g e r  t h e  h y d r o c a r b o n  
c h a i n  t h e  g r e a t e r  t h e  a d s o r p t i o n .
By i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  s o l u t i o n ,  t h e  a d s o r p ­
t i o n  a l s o  i n c r e a s e s ,  b u t  i t  seems r e a s o n a b l e  t o  assume t h a t  
t h e  a d s o r p t i o n  w i l l  r e a c h  a  l i m i t i n g  v a l u e ,  w h ich  can  be  
exam ined  by a  m o d i f i e d  v e r s i o n  o f  L angm uir*s  i s o t h e r m ,  
a s su m in g  a  m o n o m o lecu la r  f i l m .  P a n e t h  s u g g e s t e d  t h a t  i n  
t h e  a d s o r p t i o n  o f  d y e s t u f f s  by  diamond a  s i n g l e  l a y e r  o f  
a d s o r b e d  m o l e c u l e s  i s  n o t  e x c e e d e d .  The b a s i s  f o r  t h i s  
s u g g e s t i o n  was e x p e r i m e n t s  i n  w h ich  he a d s o rb e d  m e th y le n e
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b l u e  on c r y s t a l s  and t h e n  c a l c u l a t e d  t h e  s u r f a c e  a r e a  o f  
t h e  c r y s t a l s  by  two m e th o d s ,  m i c r o s c o p i c a l l y ,  and w i t h  
r a d i o a c t i v e  i s o t o p ô s .
T h i s  t e c h n i q u e  s u g g e s t e d  i t s e l f  a s  a  method o f  m e a s u r ­
i n g  s u r f a c e  a r e a ,  p r o v i d e d  t h a t  t h e  a r e a  and o r i e n t a t i o n  o f  
t h e  a d s o rb e d  m o l e c u l e s  a r e  known. I f  t h e  a d s o r p t i o n  i s  
due t o  n o n - p o l a r  f o r c e s ,  i t  would be e x p e c t e d  t h a t  l a r g e  
o r g a n i c  m o l e c u l e s  would  l i e  f l a t  on t h e  s o l i d  s u r f a c e ,  
b e c a u s e  t h e  a t t r a c t i o n  e n e rg y  i n c r e a s e s  w i t h  t h e  s i z e  o f  
t h e  m o l e c u l e ,  and i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  cube o f  
t h e  d i s t a n c e  b e tw e e n  t h e  c e n t r e  o f  t h e  m o le c u le  and t h e  
s u r f a c e  (B o e r ) .  H e n d r ic h s  fo u n d  t h a t  l a r g e  o r g a n i c  m o le ­
c u l e s  a p p e a r  t o  l i e  f l a t  on t h e  s u r f a c e .
Byes were  a d s o rb e d  on a c t i v a t e d  c h a r c o a l  by V a la s c o  
and he fo u n d  t h a t  m o n o la y e r s  were  fo rm e d ,  b u t  a t  h i g h e r  
c o n c e n t r a t i o n s  o f  t h e  s o l u t e  he g o t  c o n d e n s a t i o n  w h ich  he 
s u g g e s t e d  was m u l t i l a y e r  f o r m a t i o n .  He a l s o  fo u n d  t h a t  
a d s o r p t i o n  d e c r e a s e s  w i t h  t h e  r i s e  o f  t e m p e r a t u r e .
Wolf and R i e h l  fo u n d  t h a t  v e r y  f i n e l y  d i v i d e d  g r a p h i t e  
h a s  a d s o r p t i v e  pow ers  a lm o s t  e q u a l  t o  t h o s e  o f  a c t i v e  c a r ­
b o n ;  t h e y  su p p o sed  t h a t  f r e e  v a l e n c e  bonds  a t  t h e  c r y s t a l  
s u r f a c e  a r e  r e s p o n s i b l e  and t h a t  t h e  ed g es  o f  t h e  f l a k e s  may 
be more a c t i v e  t h a n  t h e  f l a t  s i d e s ;  t h u s  g r a p h i t e  exposed  
t o  r a d iu m  e m a n a t io n  i s  more r a d i o a c t i v e  a t  t h e  e d g e s  t h a n  
e l s e w h e r e .
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PRESEHT WORK
T h is  work d e s c r i b e s  a  s t u d y  o f  t h e  m echan ism  o f  
a d s o r p t i o n  o f  c e r t a i n  o r g a n i c  compounds by g r a p h i t e .  The 
a d s o r p t i v e  power o f  c h a r c o a l  i s  w e l l  known, b u t  t h e  mechan­
ism  by w h ich  i t  a d s o r b s  s o l u t e s  from  s o l u t i o n  h a s  n o t  
r e c e i v e d  so much a t t e n t i o n  a s  h a s  i t s  v a p o u r  p h a s e  a d s o rp ~  
t i o n  p r o p e r t i e s .  G r a p h i t e  was ch o sen  h e r e  b e c a u s e  i t  i s  
a  f a i r l y  s im p le  s o l i d  m a t e r i a l  h a v i n g  a  known c r y s t a l  
s t r u c t u r e  w h ich  i s  u n l i k e l y  t o  c o m p l i c a t e  t h e  r e s u l t s  by 
c h e m ic a l  r e a c t i o n  w i t h  t h e  s o l u t e s  and t h u s  t h e  m echanism  
o f  a d s o r p t i o n  s h o u ld  be  more r e a d i l y  d e t e c t e d  t h a n  by u s i n g ,  
e . g .  f i b r e s .  G r a p h i t e  can  be o b t a i n e d  i n  a  h i g h  s t a t e  o f  
p u r i t y  and i s  p h y s i c a l l y  homogeneous and n o n - p o r o u s ,  so 
t h a t  p ro b le m s  o f  d i f f u s i o n  o f  s o l u t e s  i n t o  p o r e s  do n o t  
a r i s e .  I t  i s  a l s o  l e s s  l i a b l e  t h a n  c h a r c o a l  i s  t o  be 
c o n t a m i n a t e d  w i t h  p o t e n t i a l  h y d ro g e n  b o n d in g  g ro u p s  
( S t u d e b a k e r  e t  a l . ) .  I t  was a l s o  hoped t h a t  t h e  r e s u l t s  
o f  t h i s  work would  s u p p le m e n t  and h e l p  i n  i n t e r p r e t i n g  t h a t  
done on c e l l u l o s e .
A number o f  i s o t h e r m s  and r a t e  c u r v e s  f o r  b a s i c  and 
a c i d  d y es  on g r a p h i t e  were d e t e r m i n e d  i n  t h i s  l a b o r a t o r y  
by R. M acau lay  (B .S c .  t h e s i s ,  19 5 1 ) ,  H. W. M acm il lan  (1 9 5 2 ) ,  
B. 0 .  M c A l l i s t e r  (B .S c .  t h e s i s ,  1 9 5 5 ) ,  and  A. G. H a l l i d a y  
(B .S c .  t h e s i s ,  1 9 5 5 ) .  Some o f  t h e i r  work h a s  been  r e p e a t e d
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by t h e  p r e s e n t  w r i t e r .  A l l  t h e  d a t a  i n  t h i s  s e c t i o n  
o f  t h e  p r e s e n t  t h e s i s  a r e  f ro m  e x p e r i m e n t s  by t h e  a u t h o r
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EXPERIMERTAL
The s u b s t r a t e  u s e d  i n  t h i s  i n v e s t i g a t i o n  was g r a p h i t e ,  
w h ich  was s u p p l i e d  i n  a  p u r e  s t a t e  (0.439^ a s h )  by  t h e  
G en e ra l  E l e c t r i c  Co. L t d .
P u r i f i e d  s o l v e n t s  w ere  u s e d ,  t h e  b e n z e n e  and i s o - o c t a n e  
were  s t o r e d  o v e r  sodium and a l l  t h e  w a t e r  u s e d  was d i s t i l l e d .
The s o l u t e s  u s e d  were  p u ü f i e d  and e s t i m a t e d  a s  
m e n t io n e d  above ( P a r t  I  and I I ) .  The f o l l o w i n g  a r e  t h e  
compounds u s e d
N o n - i o n i c  d y e s .
I  -  A n i l i n e  ------------ > 2 - n a p h t h o l .
A ro m a t ic  s u l p h o n i c  a c i d .
I I  -  B enzene s u l p h o n i c  a c i d .
I I I  -  N a p h t h a l e n e - 2 - s u l p h o n i c  a c i d
S u lp h o n a te d  a z o - d y e s
(shown o v e r l e a f )
Sulphonated  a z o -d y e s .
HE
/  y - N = E - / ^ Y ^
H CO CH-
N a O , S - ' ' V X \ / ^  SO^Na
HO
IV -  Azo ( re ra n in e  2G-. V -  N a p h th a le n e  Red J
HO
NaO^S N=N \ NaO^S—
\
HO
> 
N=R—\)
NaO^S<
SOjNa SO^Ha
VI -  N a p h th a le n e  Red EAS V II  -  N a p h th a le n e  S c a r l e t  4R
NaO^ S— ^ H = H
HO CO NH Ph
NaOrS
SO^Na HO 00 NH Ph
V I I I IX
"
Ha0^8-<^ ^ H = H
NaO^S” 
X -  P o n cea u  6RB
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HO
XI -  C l o t h  Red 2R
HE2
N=N-
X II  -  Congo Red.
B a s i c  d y e s .
( GHij ) gN N
I
Cl
^  X_>''('=“5 > 2
(CH,)2Îr< > - c C   _____
X I I I  -  M e th y le n e  B lue  B. XIV -  M e th y l  V i o l e t  10B,
OH.
y ^ n ( 0 E ^ ) 2
=H(CH^)2C1
XV -  V i c t o r i a  P u re  B lue  BO.
S u g a rs B -G lu co se  
S u c r o s e
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M easurem ent  o f  P a r t i c l e  S i z e  o f  G r a p h i t e .
I n  o r d e r  t o  c a l c u l a t e  t h e  a p p a r e n t  num ber o f  l a y e r s  
a d s o r b e d  on g r a p h i t e ,  i t s  s u r f a c e  a r e a  m u s t  be  known. The 
a v e r a g e  p a r t i c l e  s i z e  was m easu red  u s i n g  a  P a i r s  g r a t i c u l e  
( c f .  P id g e o n  and Dodd) and f ro m  t h e  d a t a  t h e  s u r f a c e  a r e a  
p e r  k g .  was c a l c u l a t e d .  I t  was assumed f i r s t  t h a t  t h e  
p a r t i c l e s  a r e  s p h e r i c a l  i n  s h a p e ,  b u t  u s i n g  t h e  e l e c t r o n  
m i c r o s c o p e  t o  d e t e r m i n e  t h e  p a r t i c l e  t h i c k n e s s  i t  was fo u n d  
t h a t  t h e  p a r t i c l e s  a r e  t h i n  f l a k e s  w i t h  i r r e g u l a r  e d g e s .
The a v e r a g e  h e i g h t  o f  t h e  g r a p h i t e  p a r t i c l e s  was e s t i m a t e d  
a s  f o l l o w s  : a  sam ple  o f  t h e  p a r t i c l e s  was d i s p e r s e d  i n  
d i s t i l l e d  e t h y l  a l c o h o l  and s p r a y e d  on a  s u p p o r t i n g  n i t r o ­
c e l l u l o s e  f i l m  m ounted  on a  g r i d  f o r  e l e c t r o n  m i c r o s c o p i c  
i n v e s t i g a t i o n .  The sam ple  was shadow c a s t  w i t h  g o ld  and 
t h e  a v e r a g e  h e i g h t  o f  t h e  p a r t i c l e s  was m easu red  a s  a  
f u n c t i o n  o f  t h e  l e n g t h  o f  t h e  shadow ( P i g . l ) .  The e l e c t r o n  
m i c r o g r a p h s  were t a k e n  i n  a  M e t r o p o l i t a n  V i c k e r s  E .M .J  
E l e c t r o n  M ic ro s c o p e .  R e a d in g s  and c a l c u l a t i o n  a r e  g i v e n  
l a t e r .
M easurem ent o f  t h e  s u r f a c e  a r e a  by t h e  a i r  p e r m e a b i l i t y  
m ethod  ( l e e  and N u rse )  was a t t e m p t e d  b u t  owing t o  t h e  l a c k  
o f  c o n s i s t e n t  r e s u l t s  t h e  a t t e m p t  was a b a n d o n ed .
M o l e c u l a r  A re a  o f  Compounds U s e d .
A n o th e r  f i g u r e  n e c e s s a r y  f o r  t h e  c a l c u l a t i o n  o f  t h e
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num ber o f  l a y e r s  a d s o rb e d  i s  t h e  a r e a  o f  t h e  m o le c u le s  
c o r r e s p o n d in g  t o  v a r i o u s  p o s i t i o n s  o f  o r i e n t a t i o n .  T h is  was 
m e a su re d  u s i n g  m o le c u la r  m o d e ls  f o r  m e a s u r in g  t h e  volum e o f  
t h e  s m a l l e s t  e n c l o s i n g  r e c t a n g u l a r  b o x .
The a p p a r e n t  num ber o f  l a y e r s  o f  m o le c u le s  was c a l c u l ­
a t e d  f o r  e a c h  compound fro m  a  know ledge o f  t h e  m o le c u la r  
a r e a ,  t h e  amount o f  s o l u t e  a d s o rb e d  and t h e  t o t a l  s u r f a c e  
a r e a  o f  g r a p h i t e  (T a b le  2 ) .
S am ple G a lc u la t  i  o n s .
a )  S u r f a c e  a r e a  c a l c u l a t i o n .
D e n s i ty  o f  g r a p h i t e  (m ea su red )  = 2 .2  g . / c m ^ .
A verage  p a r t i c l e  r a d i u s  ( r )  = 0 .4 4 2  x  10 ^cm.
(P id g eo n  and Dodd m ethod)
TT = 3 . U  X (0 .4 4 2 ) ^  x  10“ ® cm^.
= 0 .6 1 3 4 4 3  X 10“ ® cm^.
A verage  h e i g h t  o f  p a r t i c l e s  (from  e l e c t r o n  m ic ro s c o p e  
m easu rem en t s ) .
= 0 .4 1 4  X 10“ cm.
V o l. o f  a v e ra g e  = 0 .6 1 3 4 4 3  x 0 .4 1 4  x 10"^ x 10"^  cm^. 
p a r t i c l e  ?
= 0 .2 5 3 9  X 1 0 " ’^ cm^.
Mass o f  a v e ra g e  = 2 .2  x 0 .2 5 3 9  x  10“ ^^g .
p a r t i c l e
= 0 . 5 5 8 6  X 1 0 “ ”' ° /
Number o f  p a r -  = ^^  0 .5 5 8 6  x 10“ ^^ p a r t i c l e s
t i d e s  p e r  g .
= 1 .7 9  X 10^^ p a r t i c l e s
S u r f a c e  a r e a  = 1 .7 9  x 10^^ x  I . 3 4  x 10“ ^ cm^
g* 4 2
= 2 . 4  X 10 cm .
S u r f a c e  a r e a  = 2 . 4  x lo"^ cm^.
p e r  kg . ------------------------
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b) S pecim en  c a l c u l a t i o n  o f  num ber o f  l a y e r s  a d s o rb e d  
( a n i l i n e  ^ 2 - n a p h th o l )
A re a  o f  g r a p h i t e  p e r  k g .
P l a n a r  a r e a  o f  t h e  dye 
A rea  o f  1 mmole
2 .4  X lo"^  cm^.
2 .4  X 10^5 A.2
121.5
121.5 X 6 .02  X 1 0 ^ \ 2
1000
0.73 X 10 23 ?2
Number o f  mmoles a d s o rb e d  p e r  k g . ( a t  f i r s t  i s o t h e r m
i n f l e c t i o n )
T o t a l  a r e a  o f  dye a d so rb e d  
Number o f  l a y e r s
5 .2  m m ole /kg .
5 .2  X 0.73 X 10^5 %2
3-79 X 10 25
2 .4  X 10^5
1.6
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RESULTS AND DISCUSSION
R a te s  o f  a d s o r p t i o n  and t h e i r  s i g n i f i c a n c e .
R a te  m easu rem en ts  d e m o n s t r a te  a  r a p i d  a d s o r p t i o n  o f  
a l l  t h e  compounds s t u d i e d .  A d s o r p t io n  fro m  s o l u t i o n s  down
t o  10“ ^ M. i s  c o m p le te  i n  20 m in . ( P i g . 2 ) .  The s h o r t
p e r i o d  r e q u i r e d  to  a t t a i n  e q u i l i b r i u m  s u g g e s t s  t h a t  a d s o rp ­
t i o n  i s  e n t i r e l y  s u p e r f i c i a l ,  i . e .  t h a t  t h e  a d s o rb e d  m ole­
c u l e s  do n o t  p e n e t r a t e  any p o r e s  o r  f i s s u r e s  i n  t h e  s o l i d .  
T h is  was f u r t h e r  c o n f irm e d  by M acaulay  a s  f o l l o w s :  a  sam ple
o f  g r a p h i t e  was s e p a r a t e d  by é l u t r i a t i o n  i n t o  t h r e e  p o r t i o n s  
o f  d i f f e r e n t  a v e ra g e  p a r t i c l e  s i z e .  The maximum am ount o f
a  b a s i c  dye a d s o rb e d  by e a c h  sam ple  was t h e n  p l o t t e d  a g a i n s t  
2 ^1 ,  1 and  r e s p e c t i v e l y ,  w here 1 i s  t h e  a v e ra g e  l i n e a r
p
d im e n s io n  o f  t h e  p a r t i c l e s  o f  t h e  sam p le .  The p l o t  o f  1 
i s  l i n e a r  w h i le  t h o s e  o f  1 and  1^ a r e  n o t .  Hence t h e  
a d s o r p t i o n  i s  p r o p o r t i o n a l  t o  t h e  s u p e r f i c i a l  a r e a  a lo n e  and 
n o t  t o  t h e  v o lu m e ; p r o p o r t i o n a l i t y  t o  1^ would o f  c o u r s e  
im p ly  a d s o r p t i o n  i n  i n t e r n a l  p o r e s .
C lo s e r  s tu d y  o f  t h e  r a t e  c u r v e s  shown i n  P i g . 2 r e v e a l s  
t h a t  t h e y  can  be  d iv id e d  i n t o  two c l a s s e s  (T a b le  1 ) ,  i n  one 
o f  w h ich  75^  o f  maximum a d s o r p t i o n  i s  co m p le te  i n  m in . 
a t  room t e m p e r a t u r e ,  w h e re a s  i n  t h e  o t h e r  i t  r e q u i r e s  up  to  
a b o u t  5 m in s .  F u r t h e r ,  t h e  r a p i d l y  a d s o rb e d  d y e s  a r e  a l l  
e i t h e r  a c id  d y e s  w i t h  s m a l l  m o le c u le s  o r  w i th  i o n i c  g ro u p s
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’ s y m m e t r i c a l l y * p l a c e d ,  i . e .  p l a c e d  a t  e i t h e r  en d , o r  a r e  
b a s i c  d y e s ;  w h e re a s  t h e  s lo w ly  a d s o rb e d  d y es  a r e  
' u n s y m m e t r i c a l ' ,  i . e .  t h e i r  i o n i c  g ro u p s  a r e  p l a c e d  a t  one 
end o n ly .  The u n s y m m e tr ic a l  compounds a r e  c l e a r l y  m ore 
l i k e l y  to  a g g r e g a t e  i n t o  i o n i c  m i c e l l e s  by a s s o c i a t i o n  o f  
t h e  h y d ro p h o b ic  p o r t i o n s  o f  t h e i r  m o le c u le s .  T h is  t y p e  o f  
a s s o c i a t i o n  i s  l e s s  l i k e l y  i n  t h e  s y m m e tr ic a l  compounds 
b e c a u s e  o f  t h e  r e p u l s i v e  e f f e c t  o f  t h e  i o n i c  g ro u p s  a t  e i t h e r  
end o f  t h e i r  m o le c u le s .  T h is  can  r e a d i l y  be  d e m o n s t r a te d  
q u a l i t a t i v e l y  by th e  f a c t  t h a t  t h e  s y m m e tr ic a l  dye P o n ceau  
6RB s p r e a d s  much more r a p i d l y  on f i l t e r  p a p e r  t h a n  t h e  
u n s y m m e tr ic a l  o n e ,  C lo th  Red 2R, w h ich  h a s  a  s i m i l a r  a r o m a t i c  
s t r u c t u r e .
I n  a l l  n o rm a l d y e in g  s y s te m s  d i f f u s i o n  o f  t h e  dye m ole­
c u l e s  i n  t h e  i n t e r n a l  p o r e s  o f  t h e  s u b s t r a t e  i s  t h e  r a t e  
c o n t r o l l i n g  f a c t o r  i n  a t t a i n i n g  e q u i l i b r i u m .  I n  t h e  p r e s e n t  
c a s e  t h e r e  i s  no i n t e r n a l  d i f f u s i o n  and t h e  r a t e  c o n t r o l l i n g  
f a c t o r  i s  t h e  sp eed  a t  w h ich  t h e  a d s o rb e d  s p e c i e s  can  be  
s u p p l i e d  to  t h e  g r a p h i t e  s u r f a c e ,  and i n  t h e  c a s e  o f  a n i o n i c  
d y e s ,  t h e  s p e c i e s  m ust be i n d i v i d u a l  dye a n io n s  and  n o t  
m i c e l l e s .  W ith  t h e  n o n - c o l l o i d a l  a c id  d y e s ,  w h ich  e x i s t  a s  
s i n g l e  i o n s  o r  s m a l l  a g g r e g a t e s  o n ly ,  t h e r e  i s  an  am ple 
s u p p ly  o f  s i n g l e  a n io n s  f o r  a d s o r p t i o n  and t h e  r a t e  i s  h ig h .  
W ith  t h e  c o l l o i d a l  d y e s  t h e r e  i s  a  much s m a l l e r  c o n c e n t r a t i o n  
o f  s i n g l e  a n i o n s ,  and c l e a r l y  t h e i r  s u p p ly  t o  t h e  g r a p h i t e
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s u r f a c e  m ust depend  up o n  t h e  r a t e  a t  w h ich  th e y  a r e  d e ta c h e d  
fro m  t h e  m i c e l l e s .
U n l ik e  a n i o n i c  d y e s ,  t h e  c a t i o n s  o f  b a s i c  d y es  w i l l  be  
r e a d i l y  a t t r a c t e d  to  t h e  n e g a t i v e l y  c h a rg e d  s u r f a c e  o f  
g r a p h i t e  and c o n s e q u e n t ly  t h e  b a s i c  d y es  a l l  h av e  h i g h  
r a t e s  o f  a d s o r p t i o n .
S u g a rs  a r e  a l s o  a d s o rb e d  a t  a  h ig h  r a t e  p re su m a b ly  
due to  t h e  l a c k  o f  c h a rg e  and  hence  f a c i l i t a t i o n  o f  
a t t r a c t i o n  to  g r a p h i t e  by p h y s i c a l  f o r c e s .
A p p a re n t  h e a t  o f  a d s o r p t i o n .
The a d s o r p t i o n  o f  c a t i o n i c  d y es  h a s  no m e a s u ra b le  
t e m p e r a tu r e  c o e f f i c i e n t  ( P i g . 8 ) ,  t h u s  i t  r e s e m b le s  i o n -  
ex ch an g e  a d s o r p t i o n s  ( G i l e s  , 1 9 5 4 ) .  The m echanism
may be s u g g e s te d  to  be t h e  r e p la c e m e n t  o f  a  h y d ro g e n  io n  
i n  t h e  e l e c t r i c a l  d o u b le  l a y e r  a t  t h e  g r a p h i t e  s u r f a c e  by 
a  dye c a t i o n  ( B a r t e l l  and M i l l e r ,  1 9 2 4 ) .  B o th  i o n s  i n  
t h e i r  a d s o rb e d  and u n a d s o rb e d  s t a t e  w i l l  be s u r ro u n d e d  by 
an  a tm o sp h e re  o f  o r i e n t e d  w a te r  m o le c u le s .  The a d s o r p t i o n  
i n  t h i s  c a se  w ould  n o t  be acco m p an ied  by any f o r m a t io n  o r  
b r e a k a g e  o f  b onds  on any d i s t u r b a n c e  o f  t h e  e l e c t r o n i c  
s t r u c t u r e  o f  t h e  s o l u t e  m o le c u le .
The a d s o r p t i o n  o f  t h e  a n i o n i c  compounds how ever i s  
e x o th e rm ic  ( P i g . 5 and 4 ) .  I t  seems v e r y  u n l i k e l y  t h a t  any 
s o l u t e - s u b s t r a t e  bonds a r e  fo rm e d . The h y d ro g en  b o n d in g
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t h e o r y  i s  u n l i k e l y  h e r e  u n l e s s  t r a c e s  o f  a tm o s p h e r ic  oxygen 
p r e s e n t  on t h e  s u r f a c e  a r e  r e s p o n s i b l e  f o r  bond f o r m a t i o n .
I n  t h i s  c o n n e c t io n  i t  h a s  b e e n  n o te d  i n  t h e  c a s e  o f  c h a r ­
c o a l  (Adam), w h ich  h a s  b ee n  s u f f i c i e n t l y  o x i d i s e d ,  t h a t  
m o le c u le s  o f  h i g h e r  m o l e c u l a r  w e ig h t  can  be  a d s o rb e d  th a n  
c o u ld  be a d s o rb e d  b e f o r e  o x i d a t i o n ,  b u t  t h i s  may be  due t o  
t h e  w id e n in g  o f  t h e  p o r e s  by rem o v a l o f  m a t e r i a l  from  
s m a l l e r  p o r e s .  On n o n -p o ro u s  g r a p h i t e  su c h  a  r e a s o n  does  
n o t  seem s u f f i c i e n t  t o  e x p l a i n  t h e  a d s o r p t i v e  c a p a c i t y .
Lowry and M organ fo u n d  t h a t  t h e r e  i s  no r e l a t i o n  b e tw e en  t h e  
d e g re e  o f  o x i d a t i o n  and t h e  amount o f  g a s  a d s o rb e d  on 
g r a p h i t e .  T h e i r  d a t a  o b t a i n e d  w ere i n  g e n e r a l  ag re e m e n t 
w i t h  t h e  h y p o t h e s i s  t h a t  any  t r e a tm e n t  w h ich  i n c r e a s e s  t h e  
r a t i o  o f  s u r f a c e  t o  m ass o f  a  s o l i d  a d s o r b e n t ,  w i l l  i n c r e a s e  
i t s  a d s o r p t i v e  c a p a c i t y .
The a d s o r p t i o n  o f  a n i o n i c  d y es  by c e l l u l o s e ,  w h ich  i s  
th o u g h t  t o  be n o n - p o l a r  (V i e k e r s t a f f )  i s  a l s o  e x o th e rm ic  
and so i s  t h e  p a r t l y  n o n - p o l a r  a d s o r p t i o n  o f  d i r e c t  d y es  by 
c h i t i n .
O r i e n t a t i o n  o f  a d s o rb e d  m o l e c u l e s .
The s p e c i f i c  s u r f a c e  a r e a  c a l c u l a t e d  from  t h e  e l e c t r o n  
m ic ro g ra p h s  can  b e  c o n s id e r e d  a  minimum, b e c a u s e  i t  d o es  n o t  
t a k e  a c c o u n t  o f  any i r r e g u l a r i t i e s ,  e . g . ,  ed g e s  o f  s t e p w is e  
p o r t i o n s  o f  t h e  g r a p h i t e  f l a k e s .  A s tu d y  o f  t h e  i s o th e r m
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d a t a  (T a b le  2) d o e s  i n  f a c t  s u g g e s t  t h a t  t h e  a c t u a l  s u r f a c e  
a r e a  a v a i l a b l e  f o r  a d s o r p t i o n  i s  a b o u t  50 p e r c e n t  h i g h e r  
t h a n  t h e  v a l u e  o b t a in e d  p h y s i c a l l y .
Some o f  t h e  i s o t h e r m s  show i n f l e c t i o n s ,  and i n  c a s e s  
w here  t h e  s o l u b i l i t y  o f  t h e  dye p e r m i t s  h i g h  c o n c e n t r a t i o n s  
o f  s o l u t i o n  to  be  u s e d ,  t h e y  r i s e  u l t i m a t e l y  t o  v e r y  h ig h  
v a l u e s ,  f a r  h i g h e r  t h a n  can  be a c c o u n te d  f o r  by a  n o rm a l 
m o n o la y e r .  I n  d ra w in g  t h e  c o n c lu s i o n s  d e s c r i b e d  b e lo w  i t  
i s  assum ed t h a t  (w i th  one e x c e p t io n  (dye IV ) ,  w here t h e  low  
p o s i t i o n  o f  t h e  f i r s t  i n f l e c t i o n  m akes an  a n a l y t i c a l  e r r o r  
m ore l i k e l y )  t h e  f i r s t  i n f l e c t i o n  (m easu red  by  t h e  * p o i n t  B* 
m eth od  o f  B ru n a u e r )  r e p r e s e n t s  t h e  c o m p le t io n  o f  t h e  mono­
l a y e r .  T h is ,  a s  w i l l  be  s e e n ,  e n a b le s  a  l o g i c a l  e x p l a n a t i o n  
o f  a l l  t h e  d a t a  t o  be  g iv e n .  S u b s e q u e n t  i n f l e c t i o n s  may be 
due  t o  a  r e a r r a n g e m e n t  o f  a d s o rb e d  m o le c u le s  w i th  some i n t e r ­
l o c k i n g  o c c u r r i n g ,  o r  to  t h e  p r e s e n c e  o f  a  p r o p o r t i o n  o f  
m i c e l l e s .  The v e r y  h ig h  a d s o r p t i o n s  u l t i m a t e l y  r e a c h e d  a r e  
a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  m o n o la y e rs  o f  i o n i c  m i c e l l e s  
o r  a g g r e g a t e s .  S p e c t r o s c o p ic  t e s t s  and m easu rem en t from  
i s o t h e r m s  show t h a t  b a s i c  d y es  a r e  a d s o rb e d  on s i l i c a  
e n t i r e l y  i n  t h i s  fo rm  from  c o n c e n t r a t e d  s o l u t i o n s ,  no i n i t i a l  
i n f l e c t i o n s  i n  t h e  i s o t h e r m s  b e in g  n o t i c e d  ( J a i n ) .  The 
f o l l o w i n g  a r e  t h e  d e t a i l e d  c o n c lu s io n s  r e a c h e d  r e g a r d i n g  t h e  
o r i e n t a t i o n  o f  a d s o rb e d  s o l u t e s  —
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a )  S u g a r s .
G lu co se  and s u c r o s e  w ere u s e d  a t  f i r s t  t o  a v o id  t h e  
c o m p l i c a t i o n  o f  a n i o n i c  c h a rg e  i n  m e a s u r in g  m o n o la y e r  a r e a s .  
A d s o r p t io n  a t  t h e  c o n c e n t r a t i o n s  u s e d  was how ever fo u n d  t o  
be  f a r  to o  h ig h  f o r  m o n o la y e r  f o r m a t i o n  ( P ig .  5 )-  I t  may 
b e  t h a t  i n  t h e  s o l u t i o n s  u s e d  t h e  m o le c u le s  a r e  a s s o c i a t i n g  
t o g e t h e r  w i th  w a te r  i n  some fo rm  o f  l a r g e  a g g r e g a t e d  sy s te m  
and  a  m o n o la y e r  o f  t h e s e  a g g r e g a t e s  i s  b e i n g  fo rm e d , b u t  i t  
i s  a d m i t t e d l y  d i f f i c u l t  t o  u n d e r s t a n d  su ch  a n  a d s o rb e d  
s y s te m . C l e a r l y  t h e  f a c t s  open  u p  an  i n t e r e s t i n g  new f i e l d  
f o r  r e s e a r c h  ( c f . ,  a l s o  t h e  u n a c c o u n ta b ly  h i g h  a d s o r p t i o n  o f  
h y d r o c h l o r i c  a c id  by c h i t i n  ( a b o v e ) ) .
b )  N o n - io n ic  a z o -d y e .  ( I )
T h is  i s  a d s o rb e d  f l a t  w i t h  a l l  i t s  a r o m a t i c  n u c l e i  
i n  c o n t a c t  w i t h  t h e  s u r f a c e .  A d s o r p t io n  i s  c o m p le te  from  
t h e  a l i p h a t i c  s o l v e n t  b u t  f ro m  b en z en e  a  c o m p le te  m o n o la y e r  
i s  n o t  fo rm e d , on a c c o u n t  o f  t h e  c o m p e t i t i v e  e f f e c t  o f  t h e  
s o l v e n t  i t s e l f ,  w h ich  b e c a u s e  o f  t h e  sh ap e  o f  i t s  m o le c u l e s ,  
s h o u ld  be  f i r m l y  a t t a c h e d  t o  g r a p h i t e  ( P i g . 6 ) .
c )  M o n o - s u lp h o n a te s . ( I I ,  I I I ,  V)
These fo rm  co n d en sed  m o n o la y e rs  i n  w h ich  t h e  m ole­
c u l e s  p r o b a b ly  s t a n d  p e r p e n d i c u l a r  t o  t h e  s u r f a c e ,  t h e  
s u lp h o n a te  g ro u p s  b e in g  i n  t h e  w a te r  and t h e  u n  s u lp h o n a te d  
end o f  t h e  m o le c u le s  n e a r e s t  t h e  g r a p h i t e  s u r f a c e .
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The l a r g e  m o le c u le  w i th  t h e  -CONHPh g ro u p  ( V I I I )  
i s  n o t  a d s o rb e d  a s  s i n g l e  m o le c u le s ,  b u t  a p p a r e n t l y  a s  
m u l t i l a y e r s  o r  a  m o n o la y e r  o f  m i c e l l e s .  The i s o t h e r m  i s  
o f  *HA* ty p e  ( P i g . 7 ( l l l a )  ) i n d i c a t i n g  v e r y  h ig h  a f f i n i t y ,  
and  t h e  dye was o b s e rv e d  t o  fo rm  c o l l o i d a l  s o l u t i o n s  a t  
h ig h  c o n c e n t r a t i o n .
d ) Di s u lp h o n a t  e s . (IV , V I, X, IX , X I, X I I )
When t h e  two i o n i c  g ro u p s  a r e  s i t u a t e d  a lo n g  one 
s id e  o r  a t  o p p o s i t e  en ds  o f  t h e  dye m o le c u le  (IV , V I, X,
X I I )  t h e  l a t t e r  i s  o r i e n t e d  e d g e -o n ,  b u t  i f  t h e y  a r e  b o t h  
a t  one end (IX , X I ) ,  i t  i s  e n d -o n ,  a s  w i th  t h e  mono- 
s u l p h o n a t e s .
e )  T r i s u l p h o n a t e s . ( V I I )
I n  t h i s  c a s e  w here  t h e  s u lp h o n a te  g ro u p s  a r e  w id e ly  
s e p a r a t e d ,  a  f l a t  o r i e n t a t i o n  seems l i k e l y ,  and t h e  d a t a  
a r e  i n  a g re e m e n t  w i th  t h i s .
f )  B a s ic  dy es . ( X I I I ,  XIV, XV)
S i m i l a r  p r i n c i p l e s  g o v e rn  t h e  o r i e n t a t i o n  o f  b a s i c  
d y e s  to  t h o s e  d e s c r i b e d  f o r  a n i o n i c  d y e s .  I t  i s  assum ed 
t h a t  r e s o n a n c e  makes th e  s u b s t i t u t e d  a m in o -g ro u p s  e q u i v a l e n t ,  
and t h e r e f o r e ,  a s  e x p e c te d  from  a  s tu d y  o f  t h e i r  m o le c u le  
s h a p e s .  M e th y len e  B lue  ( X I I I )  i s  o r i e n t e d  e d g e -o n  and 
V i c t o r i a  P u re  B lu e  (XV) e n d -o n ,  t h e  i o n i c  g ro u p s  p re su m a b ly
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b e i n g  to w a rd s  t h e  w a t e r .  The t r i p h e n y l m e t h a n e  d e r i v a t i v e s  
do n o t  h av e  p l a n a r  m o le c u le s ,  and a  m odel shows t h a t  t h e  
M e th y l  V i o l e t  m o le c u le  (XIV) c a n n o t  l i e  f l a t  w i th  e a c h  
a m in o -g ro u p  i n  c o n t a c t  w i t h  o r  e q u i d i s t a n t  fro m  t h e  s u r f a c e .  
I t  a p p e a r s  t o  o r i e n t  e d g e -o n .
I s o t h e r m  s h a p e s .
The i n i t i a l  p o r t i o n s  o f  t h e  i s o t h e r m s  r e p r e s e n t  t h r e e  
o f  t h e  f o u r  t y p e s  i n  G i l e s  and MacEwan*s c l a s s i f i c a t i o n  o f  
s o l u t i o n - a d s o r p t i o n  i s o t h e r m s ,  v i z .  *S*, *L* (a  n o rm a l  
'L a n g m u ir *) and (h ig h  a f f i n i t y )  ( c f . .  P i g . 7 ( l i e ,  l a
and  I l i a ) . T hese  t h r e e  s h a p e s  o f  c u rv e  w ere  s t a t e d  t o  
r e p r e s e n t  a  p r o g r e s s i v e  i n c r e a s e  i n  t h e  a b i l i t y  o f  t h e  
s o l u t e  t o  d i s p l a c e  s o l v e n t  m o le c u le s  a t  t h e  s u b s t r a t e  s u r ­
f a c e  and  th u s  t o  be a d s o rb e d  t h e r e t o .
The d a t a  i n  T a b le  3 show t h a t  a s  t h e  num ber o f  s u lp h o n ­
a t e  o r  o t h e r  i o n i c  g ro u p s  i s  d e c r e a s e d ,  t h e  c u r v e s  ch ange  i n  
t y p e  f ro m  S t o  L to  HA. I n  f a c t  w i t h  two e x c e p t i o n s  t h e  L 
c u r v e  i s  n o t  o b t a in e d  u n l e s s  o n ly  a  s i n g l e  s u lp h o n a te  group 
i s  p r e s e n t ;  t h e  two e x c e p t io n s  a r e  C lo th  Red 2R, i n  w h ich  
t h e  v e r y  l a r g e  u n s u lp h o n a te d  a r o m a t i c  sy s te m  w i l l  c l e a r l y  
g iv e  t h e  dye added  s t a b i l i t y  i n  a  co n d en sed  m o n o la y e r ,  and 
Congo Red, w h ich  h a s  an  e x c e p t i o n a l l y  l a r g e  c o n ju g a t e  s y s te m .  
U n l ik e  t h e  o t h e r  d y es  u s e d  h e r e  Congo Red h a s  i n  f a c t  h i g h  
a f f i n i t y  f o r  c e l l u l o s e ,  p r o b a b ly  f o r  t h e  same r e a s o n ,  v i z .
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h i g h  p h y s i c a l  a t t r a c t i o n  f o r  t h e  s u r f a c e  o f  t h e  s u b s t r a t e ,  
i n  t h i s  c a se  t h e  c e l l u l o s e  c h a in  m o le c u l e s .
A f f i n i t y  m e a su re m e n t .
On th e  a s s u m p t io n  t h a t  t h e  a n i o n i c  d y es  a r e  a d s o r b e d  
a s  m o n o la y e rs  c o v e r in g  th e  w hole s u r f a c e  and t h a t  t h e r e  i s  
no  a d s o r p t i o n  a t  s p e c i f i c  s i t e s ,  t h e  f o l l o w i n g  e x p r e s s i o n  
may be u s e d  t o  c a l c u l a t e  t h e  a f f i n i t y  ( V i c k e r s t a f f )
-  A/ U = El  I n  —  + z ET I n  — —
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w here  z i s  t h e  num ber o f  n e g a t i v e  c h a r g e s  on t h e  a n io n ,  0 
and  0 a r e  r e s p e c t i v e l y  t h e  f r a c t i o n  o f  t h e  t o t a l  a v a i l a b l e  
s u r f a c e  c o v e re d  a t  e q u i l i b r i u m  by dye a n io n s  and sod ium  i o n s  
r e s p e c t i v e l y ,  and  [l)]g  and  [w ajg  a r e  t h e  a c t i v i t i e s  (assum ed 
e q u a l  t o  t h e  c o n c e n t r a t i o n s )  o f  t h e  dye a n io n s  and t h e  
sod ium  i o n s  i n  t h e  e x t e r n a l  s o l u t i o n  a t  e q u i l i b r i u m .
T a b le  4 shows v a l u e s  o f  t h e  a f f i n i t i e s  t h u s  c a l c u l a t e d
on  t h e  a s s u m p t io n  t h a t  t h e  f i r s t  i n f l e c t i o n  i n  t h e  i s o t h e r m
r e p r e s e n t s  t h e  c o m p le t io n  o f  a  m o n o la y e r  and f o r  0 = 0 .7 5  
o f  t h i s  v a l u e . C a l c u l a t i o n s  would b e  s i m p le r  i f  a  v a lu e
f o r  6 o f  0 .5  c o u ld  be  u s e d ,  b u t  on a c c o u n t  o f  t h e  sh ap e  o f
some i s o t h e r m s  t h i s  i s  n o t  p o s s i b l e .
As i n  t h e  c a s e  o f  a d s o r p t i o n  on c e l l u l o s e ,  d i s c u s s e d
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a b o v e ,  and f o r  t h e  same r e a s o n ,  v i z .  t h a t  t h e r e  s h o u ld  be a  
d i r e c t  r e l a t i o n s h i p  b e tw e en  t h e  a f f i n i t y ,  w h ich  i s  t h o u g h t  
t o  o r i g i n a t e  e n t i r e l y  i n  t h e  v an  d e r  W aals a t t r a c t i o n  b e tw een  
t h e  f l a t  s u r f a c e  o f  g r a p h i t e  c r y s t a l  and t h e  a r o m a t i c  n u c l e i  
i n  t h e  dye a n i o n ,  t h e  a f f i n i t y  v a l u e s  h a v e  b e e n  p l o t t e d  
a g a i n s t  b o th  l o g  e ( e x t i n c t i o n  c o e f f i c i e n t )  and t h e  a r e a  o f  
t h e  dye a n io n  ( F i g . 9)* The a r e a  o f  t h e  a n io n  i s  m easu red  
f ro m  m o d e ls  a s  t h e  s m a l l e s t  r e c t a n g l e  e n c l o s i n g  t h e  c r o s s -  
s e c t i o n  o f  t h e  a n io n  p r o j e c t e d  on t o  t h e  g r a p h i t e  s u r f a c e  i n  
t h e  o r i e n t a t i o n  assum ed f o r  t h e  f i r s t  i n f l e c t i o n  o f  t h e  
i s o t h e r m  i n  t h e  ca se  o f  d y e s  fo rm in g  m o n o la y e r s  (T a b le  2 ) .
I t  w i l l  be o b s e rv e d  t h a t  b o t h  t h e s e  m eth o d s  o f  p l o t t i n g  
d e m o n s t r a t e  a  l i n e a r  r e l a t i o n s h i p  ( a l t h o u g h  t h e r e  i s  a  
c o n s i d e r a b l e  s c a t t e r  o f  p o i n t s ) .  T h is  may c o n f i rm  t h e  
v a l i d i t y  o f  t h e  h y p o t h e s i s  t h a t  t h e  o r i g i n  o f  a f f i n i t y  i s  
m a in ly  v a n  d e r  W aals a t t r a c t i o n  f o r c e s .
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OONOLUSIONS
1) A d s o r p t io n  on g r a p h i t e  seems t o  h e  e n t i r e l y  s u p e r f i c i a l .  
T h is  i s  shown by t h e  s h o r t  p e r i o d  r e q u i r e d  to  r e a c h
e q u i l i b r i u m .
2) The r a t e - c e n t r o l l i n g  f a c t o r  i n  a d s o r p t i o n  i s  t h e  speed  
a t  w h ich  t h e  a d s o rb e d  s p e c i e s  can  be s u p p l i e d  t o  t h e
g r a p h i t e  s u r f a c e .
3) A d s o r p t io n  o f  b a s i c  d y es  i s  due t o  e l e c t r o s t a t i c  
a t t r a c t i o n ,  w h i le  t h a t  o f  a n i o n i c  d y es  and n o n - i o n i c
compounds i s  due to  p h y s i c a l  f o r c e s  o f  a t t r a c t i o n .
4) B a s ic  d y es  a r e  a d s o rb e d  q u i c k ly  due t o  t h e i r  a t t r a c t i o n  
f o r  t h e  n e g a t i v e l y  c h a rg e d  s u r f a c e  o f  g r a p h i t e .  A c id
d y e s  a r e  a d s o rb e d  q u ic k ly  when t h e y  fo rm  t r u e  s o l u t i o n s ,  
b u t  when t h e y  a r e  i n  t h e  fo rm  o f  m i c e l l e s  t h e  r a t e  i s  
s l o w e r ,  and i t  seems t h a t  e q u i l i b r i u m  i n  t h e  l a t t e r  c a se  
d ep en d s  up on  t h e  r a t e  a t  w h ich  t h e  dye a n io n s  can  be  d e ta c h e d  
from  t h e  m i c e l l e s .
5) I n  g e n e r a l  s u lp h o n a te d  compounds a t  low  c o n c e n t r a t i o n s  
a p p e a r  t o  fo rm  co n d en sed  m o n o la y e rs  o r i e n t e d  so t h a t  t h e
s u lp h o n a te  g ro u p s  a r e  a s  f a r  away a s  p o s s i b l e  from  th e  
g r a p h i t e  s u r f a c e .  Thus d y es  w i t h  s u lp h o n a te  g ro u p s  a t  o n ly  
one end a p p e a r  t o  be o r i e n t e d  e n d -o n ,  t h o s e  w i th  one group 
a t  e a c h  en d , e d g e -o n ,  and  t h o s e  w i t h  s u lp h o n a te  g ro u p s  a l l  
r o u n d , f l a t .
- 103 -
S i m i l a r  p r i n c i p l e s  a p p ly  t o  t h e  o r i e n t a t i o n  o f  b a s i c  
d y e s .  A t h ig h  c o n c e n t r a t i o n s  b a s i c  d y es  can  be a d s o rb e d  
a s  m i c e l l e s .
N o n - io n ic  a z o -d y e s  a p p e a r  t o  be  a d s o rb e d  f l a t  w i t h  a l l  
t h e  a r o m a t i c  n u c l e i  i n  c o n t a c t  w i th  t h e  s u r f a c e .
6) I n  t h e  c a s e  o f  g r a p h i t e  p h y s i c a l  a t t r a c t i o n  seem s to  
b e  much s t r o n g e r  t h a n  i n  t h e  c a se  o f  c e l l u l o s e .  W hile 
c e l l u l o s e  can  o n ly  a d s o rb  l a r g e  p l a n a r  a r o m a t i c  s o l u t e s  
g r a p h i t e  i s  a b l e  to  a t t r a c t  and  a d s o rb  m o le c u le s  o f  much 
s m a l l e r  s i z e .
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TABLE 1 .
R e la t iv e  A d so rp tio n  R ates  on G raphite
Compound Time (m in . )* g . / l i t r e * *
A c id  d y es
« S y m m e tr ic a l ly ” s u lp h o n a te d .
A n i l i n e -----> n a p h t h i o n i c  a c i d < 1 0 .5
P onceau  6EB < 1 0 .5
Congo Red < 1 0 .5
« U n s y m m e tr ic a l ly ” s u lp h o n a t e d .
C lo th  Red 2R 5 0 .5
N a p h th a le n e  Red J 4 .5 0 .0 5
B a s i c  d y es
M eth y l V i o l e t  10B C 2 0 .2 5
M eth y le n e  B lu e  B < 2 0 .2 5
S u g a rs
D -G lucose 2 5 .0
S u c ro s e 1 .5 5 .0
X Time r e q u i r e d  t o  r e a c h  75^  o f  e q u i l i b r i u m  v a l u e  from  
t h e  m ost c o n c e n t r a t e d  s o l u t i o n s .
M  I n i t i a l  c o n c e n t r a t i o n  u s e d .
TABLE .2 . 
O r i e n t a t i o n  o f  A dso rbed  S o l u t e s
S o lu te A p p ro x .m o le c u la r  d im e n e io n s  (A) A dsorpuo.* pS  w S i r S - o n
I 1 3 . 5  X 9 X 3
(from  i s o - o c t a n e )
5 . 2 1 .6 0 . 5 0 .4
(from  b e n z e n e ) 1 .2
2 .0
0 . 4
0 .6
0 .1
0 .2
0 .0 8
0 .1 5
I I 8 . 5 X 8 X 5 1 0 .0 1 .7 1.1 -
I I I 11 X 8 X 5 1 1 .0 2 .4 1.1 1 .0
IV 17 X 11. 5 X 5 2 . 5
( 52 )
fro m  h ig h  
c o n c n . s o l u s .
1 .2
2 5 . 3
0 . 5
1 1 .0
0 ,4
7 . 5
V 1 5 X 10 X 5 12
1 6 . 5
20
4 . 5  
6 .2
7 . 5
2 . 3
3 .1
5 .8
1 .5  
2.1
2 . 5
VI 16 X 12 X 5 7 .0
15
3 . 4
7 .2
1 .4
3 . 0
1.1
2 . 3
V II 18 X 1 0 . 5  X 5 2 . 5 1 .2 0 .6 0 . 3
V I I I 2 0 . 5 X 1 2 . 5 X 5 30 19 . 2 7 . 7 4 . 7
IX 2 0 . 5 X 13 X 5 13-5 9 . 0 3 . 5 2 .2
X 2 1 . 5 X 11 X 5 5 3 . 0 1 .4 0 . 7
XI 20 X 13 X 5 10 6 .5 2 .5 1 .6
X II 28 X 11 X 5 3 .8 2 . 9 1 . 3 0 . 5
X I I I 16 X 8 X 4 6 .0 2 .2 1 .0 0 . 5
XIV 14 X 14 X 5 6 . 4 4 .0 1 . 5 —
XV 18 X 16 X 5 6 .2 4 .8 1 . 5 1 .2
m m ole /kg . o f  g r a p h i t e ;  w here  more t h a n  one f i g u r e  i s  
q u o te d  t h e  l a s t  f i g u r e  r e f e r s  t o  t h e  i s o t h e r m  maximum 
and t h e  o t h e r s  t o  i n t e r m e d i a t e  p o i n t s  o f  i n f l e c t i o n .
XX i . e . ,  t o t a l  a r e a  o f  a d s o rb e d  s o l u t e  o r i e n t e d  a s  show n/ 
s p e c i f i c  s u r f a c e  a r e a  o f  g r a p h i t e .
TABLE 3 . 
C l a s s i f i c a t i o n  ô f  I s o th e r m  S hapes
S - C arv es
Number o f  
Compound B enzene n u c l e i
Number
S u lp h o n a te
o f
g ro u p s
Azo G era n in e  2G 3 2
N a p h th a le n e  Red EAS 4 2
N a p h th a le n e  S c a r l e t  4R 4 3
P o n cea u  6RB 4 2
A n i l i n e - 2 : 5 - d i s u l p h o n i c  
a c i d -------- ^  N a p h to l  AS
4 2
L -C u rv es
B enzene  s u lp h o n i c  a c id 1 1
N a p h th a le n e  2 - s u l p h o n i c  a c i d 2 1
N a p h th a le n e  Red J 4 1
C lo th  Red 2R 4 2
Congo Red 6 2
M eth y le n e  B lu e  B 3* 1
HA-Curves
S u l p h a n i l i c  acid*—y  N a p h to l  AS 4 1
M eth y l V i o l e t  10B 3 1
V i c t o r i a  P u re  B lu e  BO 5 1
3E I n c l u d i n g  one h e t e r o c y c l i c  r i n g .  T h is  c u rv e  
a p p r o a c h e s  t h e  HA ty p e  v e r y  c l o s e l y .
TABLE 4 .
Thermodynamic L a t a  f o r  Lyes A dsorbed  on G r a p h i te
Compound
-  A y u  
( k c a l /m l )
Log 0 A re a ^
(A^)
N a p h th a le n e  Red J 13 . 6 4 .1761 50
N a p h th a le n e  Red EAS 1 7 .4 3 . 7 1 6 80
N a p h th a le n e  S c a r l e t  4R 21 . 5 4 . 0 2 189
C lo th  Red 21 4 .6 9 65
P o n ceau  6RB 1 8 .3 4 . 3 7 108
Congo Red 2 2 . 5 4 .4 8 8 6 140
S u l p h a n i l i c  a c id
N a p h to l  AS (sod ium  s a l t )
15-1 4 . 5 9 -
A n i l i n e - 2 : 5 - d i s u l p h o n i c  a c id  
N a p h to l  AS (sod ium  s a l t )
19 . 8 4 .4 2 6 -
Azo G eran in e  2G 2 0 . 5 4 . 2 923 196
3E A re a  o f  t h e  a n io n  i n  t h e  o r i e n t a t i o n  assum ed 
f o r  t h e  f i r s t  i n f l e c t i o n  o f  t h e  i s o t h e r m  f o r  
d y es  fo rm in g  m o n o la y e rs .
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